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ABSTRACT 
Regeneration Ecology of Chrysopogon aucheri and Cymbopogon jwarancusa in 
Grasslands of Upland Balochistan , Pakistan 
by 
Sarfraz Ahmad, Doctor of Philosophy 
Utah State University, 1998 
Major Professor: Dr . Christopher A. Call 
Department: Rangeland Resources 
Field experiments were conducted to investigate the seed attributes , movements 
and fates of dispersal units , and seedling establishment of Chrysopogon aucheri and 
Cymbopogon jwarancusa in a representative grassland ecosystem in upland 
Balochistan , Pakistan. 
Cymbopogon jwarancusa had more filled and viable caryopses than 
Chrysopogon aucheri. Seeds (spikelets) of both species had similar morphological 
features . Chrysopogon aucheri had one dispersal unit , a triplet spikelet. Cymbopogon 
jwarancusa had four types of dispersal units: a paired spikelet, a partial raceme, an 
entire raceme, and a partial inflorescence comprised of two racemes. 
Paired spikelets and partia l racemes of Cymbopogon jwarancusa had greater 
mean dispersal distances (94 and 101 cm) from the edge of the basal crown of marked 
II 
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plants to the ground surface than triplet spikelets of Chrysopogon aucheri (79 cm). 
Spikelets of Cy mbopogonjwarancusa and Chrysopogon aucheri moved mean distances 
of 26 and 32 cm, respectively , on the ground surface before becoming trapped in a 
microhabitat. The mean angle of dispersal for both species was toward the northeast , 
according to the prevailing wind direction. An ant (Tica verona) was the only detected 
seed (spikelet) predator for Chrysopogon aucheri . Both species had a weakly persistent 
soil seed bank, with higher amounts of seeds found under plant canopies compared to 
open interspaces . 
The recruitment of Chrysopo gon aucheri and Cymbopogon jwaran cusa 
seedlings from the natural seed bank was monitored in seven different microhabitats 
under natural and above-normal precipitation regimes . Above-normal precipitation 
increased seedling recruitment for both species in all microhabitats . Cy mbopogon 
j warancusa had higher seedling densities than Chrysopogon auchfiri . Seedling survival 
and tiller development for both species were greatest in the gravel microhabitat in the 
natural precipitation treatment. Monsoon rains in late July enhanced emergence of both 
species from recently dispersed seeds but emerged seedlings did not survive to the end 
of the growing season . 
The field studies indicate that Cymbopogon jwarancusa has a greater 
regeneration potential than Chrysopogon aucheri in this grassland ecosystem in upland 
Balochistan. It may be difficult to increase the composition of Chrysopogon aucheri , 
IV 
the more desirable species in these grasslands, when using management techniques that 
rely on natural regeneration . 
(192 pages) 
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CHAPTER I 
INTRODUCTION 
Grasslands of Upland Balochistan 
Balochistan, the largest province of Pakistan, covers an area of 34 million ha. 
About 93% of this area is classified as rangeland (!CARDA 1990). The province can be 
divided into a lowland plains-costal region and an upland mountainous region, with 
elevations ranging from 1500 to 3000 m. Upland Balochistan (27° to 32° N, 66° to 72° 
E) has a continental, arid to semiarid climate which is Mediterranean in character, with 
annual rainfall varying from 150 to 350 mm (Rees et al. 1989; Aro et al. 1990). Most 
of the precipitation occurs in the winter, but monsoon showers also occur during July 
and August. Temperatures vary with elevation, generally ranging from 45° C in 
summer to -10° C in winter (Buzdar & Jameson 1984). Soils are mostly skeletal and are 
derived from sandstone, limestone, and shale (Wahid 1990). 
Upland Balochistan can be divided into two different ecological zones: 
shrublands and grasslands (Wahid 1990). The shrublands, situated mostly in the 
southern and southwestern highlands, are predominantly occupied by Artemisia 
maritima and Haloxylon griffithii shrub species . This area receives up to 200 mm of 
annual rainfall. The, grasslands are situated in the eastern and northeastern highlands of 
the province where annual precipitation reaches up to 300 mm. 
It is difficult to describe the climax vegetation of the grasslands since serious 
disturbances such as deforestation, shifting cultivation, burning, and severe grazing in 
the past have led to many ecological changes (Saleem 1990; Wahid 1990). 
Chrysopogon aucheri and Cymbopogon jwarancusa are the dominant bunchgrasses , 
and are found growing on a wide variety of soils over a wide range of elevations. The 
dominant woody species are Ebnus stellatus, Artemisia maritima, Ephedra intermedia, 
Salvia cabulica, Convolvulus spinosus, Perwoskia artiplicifolia, and Olea ferruginea. 
The most frequent forb species observed are Phlomis stewatii, Veronica seniola, 
Centuarea spp., and Astragalus spp. (Wahid 1990). 
About 87% of the people in Balochistan derive their livelihood directly or 
indirectly from livestock rearing (Heymell 1989). Sheep and goats are the major 
livestock species in upland Balochistan. These animals are adapted to the rough terrain 
and the harsh climatic conditions of the region. Furthermore, these animals are capable 
of utilizing scant vegetation scattered in remote parts of the highlands (Masood, Shahid 
& Khalid 1989). Rangelands meet almost 90 to 95% of the total feed requirements of 
sheep and goats. 
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Apart from climatic limitations, there are several socioeconomic and biotic 
conditions that are limiting the forage production potential of the grasslands. Year-long 
and nomadic grazing are the two, prominent ways of traditional livestock grazing 
prevailing in upland Balochistan. The nomadic way of life is perhaps best adapted to 
the severe climatic conditions of the region (Buzdar & Jameson 1984) . However, due 
to the constant movement of increasing numbers of nomads on the same route, the 
forage resources have undergone severe degradation. There is no control over the 
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number of animals that are grazed on a given range area. Rangelands now produce 10 
to 50% less than their potential (Khan 1977; Salrem 1990), which ranges from less than 
30 kg/ha/yr to 280 kg/ha/yr (F AO 1981 ). 
Overgrazing has led to the disappearance of desirable plant species from the 
grassland ecosystem. Chrysopogon aucheri, a highly preferred grass, is grazed first, 
whereas Cymbopogon jwarancusa is grazed in the absence of Chrysopogon aucheri. 
The lower palatability of Cymbopogon jwarancusa has been related to the presence of 
piperitone, an essential oil, in its leaves (West Pakistan Forest Department 1960). As 
the grasslands deteriorate under heavy grazing pressure, Chrysopogon aucheri is 
replaced by Cymbopogon jwarancusa , which in tum is gradually replaced by the 
relatively less preferred shrub, Artemisia maritima. · Cymbopogonjwarancusa has also 
been found to be comparatively more vigorous than Chrysopogon aucheri under a 
variety of environmental conditions, particularly during seedling development (Saleem 
1990). 
Factors that influence the regeneration of Chrysopogon aucheri and 
Cymbopogon jwarancusa are important to researchers and managers because 
ecosystem-level processes are highly correlated with the behavior of these domin ant 
species (Carney 1989). Management and restoration of Cymbopogon-Chrysopogon 
grasslands require knowledge of seed dispersal, seed germination, and seedling 
establishment of desirable and undesirable species (Chambers & MacMahon 1994). 
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Seed attributes 
Grass seeds vary considerably in morphology. The term seed actually refers to a 
diaspore, i.e . the seed and any investing structures (palea, lemma, awn, etc .). 
Morphological variations can influence seed dispersal, landing of a seed in a particular 
microsite on the soil surface, orientation for germination, protection from desiccation, 
and seedling establishment (Smith 1971; Sheldon 197 4; Peart 1979) . Grass seeds can 
have many appendages, such as hairs of different length, hygroscopic awns, rigid 
passive awns, and/or a pointed callus . Peart ( 1981) demonstrated that rigid awns help 
orient seeds on/in soil and litter substrates after dispersal from the parent plant. 
Similarly, several researchers (Stebbins 1971, 1974; Pijl 1972; Peart 1979, 1984; Stamp 
1984; Peart & Clifford 1987) have demonstrated that hygroscopic or twisting awns can 
help move seeds across the soil surface and drill them into the soil, increasing the 
chances for germination and seedling establishment. Stebbins (1971 , 1974) observed 
the drilling function of hygroscopically active awns in Chrysopogon but he did not 
mention the species name . Chryosopon aucheri and Cymbopogon jwarancusa have 
some unique differences in seed morphology (personal observation) , but these features 
have only been superficially studied for taxonomic purposes (Jurair 1977). 
Chrysopogon aucheri and Cymbopogon jwarancusa also differ in the production 
of viable and germinable seeds . Seed production for both species typically occurs in 
mid June . A second crop may be produced in October, depending on the occurrence of 
monsoon rains. Saleem (1990) observed that Cymbopogon jwarancusa produced more 
viable seeds with greater and faster germination than seeds of Chrysopogon aucheri; 
however, he did not indicate whether the seeds were collected in June or October. 
Movement and fates of seeds 
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Chambers & MacMahon (1994) have developed a conceptual model that 
outlines the pathways that seeds follow after leaving the parent plant, the states in which 
they reside, and the biotic and abiotic factors that influence them . The model divides 
the seed dispersal process into two phases. Phase I dispersal involves any mechanism 
(biotic and/or abiotic) by which a seed moves or is transported from the parent plant to a 
surface (vegetation, soil, litter, water). Seeds consumed by animals or transported on 
animals ' body surfaces may be dispersed over long distances (Howe & Smallwood 
1982). Most seeds move only short distances from the parent plant via gravity or wind 
(Levin & Kerster 1974 ; Hutchings 1986). When gravity and wind are the primary 
agents, as with Chrysopogon aucheri and Cymbopogon jwarancusa (personal 
observations), seed mass, size, and shape; the height of the parent plant ; characteristics 
of the surrounding vegetation; and wind conditions during dispersal are important 
determinants of patterns of seed deposition (Green & Johnson 1989 ; Okubo & Levin 
1989; Carey & Watkinson 1993; Green & Johnson 1993; Willson 1993). 
After seeds arrive on a surface, Phase II dispersal involves their horizontal 
movement to a new location and/or their vertical movement into the soil. The 
probability of redistribution is determined by a seed's physical dimensions (mass, size, 
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and shape), site surface characteristics (soil microtopography, litter , and density and 
arrangement of vegetation) , physical forces (gravity, wind , precipitation. and overland 
flow), and/or animal activities (digging, burrowing, tunneling, scatter-hoarding) 
(Sheldon 1974 ; Sager & Mortimer 1976 ; Chambers , MacMahon & Haefner 1991 ; 
Johnson & Fryer 1992). Phase II dispersal may have greater influence on the patterning 
of plants in ecosystems than Phase I dispersal , yet this is the area of our greatest 
knowledge gap (Watkinson 1978; Chambers & MacMahon 1994) . Studies that quantify 
both Phase I and Phase II dispersal and their relative effects on plant establishment will 
impro ve our understanding of plant population processes and community dynami cs 
(Harper 1977 ; Watkinson 1978; Hutchings 1986 ; Russell & Schupp 1998) . 
Viable seeds on or in the soil or associated litter constitute the seed bank , which 
may play an important role in the survival and maintenance of many spec ies in most 
terrestrial plant communities (Baskin & Baskin 1978; Simpson , Leck & Parker 1989) . 
Seed banks have both spatial and temporal dimensions (Grubb 1977 ; Thompson & 
Grime 1979; Schenkeveld & Verkaar 1984 ; Bigwood & Inou ye 1988 ; Henderson , 
Petersen & Redak 1988; Lavorel et al. 1991) . Soil seed banks are classified as either 
transient or persistent. Seeds in a transient seed bank either germinate during the first 
year after dispersal from the parent plants or die. A persistent seed bank consists of 
some viable and dormant seeds in soil living for more than one year (Thompson & 
Grime 1979) . Upper soil layers (2 cm) contain significant amounts of seeds . However , 
seed banks can also be found at greater depths (Robinson & Kust 1962). Seeds in the 
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upper soil layer have greater chances of successful germination, survival, and re-
establishment (Brown & Oosterhuis 1981; Sch:::nkeveld & Verkaar 1984; Bliss & Smith 
1985). The density of seeds and composition of species in seed banks can be very 
dynamic (Chambers & MacMahon 1994). Seed input in the soil is determined by the 
types and amounts of seed produced, soil properties, and previously described dispersal 
processes (Grime 1979; Collins & Uno 1985; Kjellsson 1985; Peart 1989; Peco 1989). 
Seed losses result from deep burial, consumption by animals, attack by pathogens, 
natural senescence, and germination. 
The seed bank of a plant community is an important component of the potential 
of that community to respond to environmental conditions in the present and future 
(Coffin & Lauenroth 1989; Parker, Simpson & Leck 1989). The response depends on 
which seeds are in a dormant or nondormant state, and on the length of time seeds can 
remain viable (Hutchings 1986; Baker 1989). Seeds of some species, particularly 
perennial grass species, have short-term viability, and most of their seeds either 
germinate or die within a few years after dispersal from the parent plant. Seeds of other 
species, particularly legumes and weedy forbs, can persist in a viable, dormant state in 
the seed bank for considerable periods of time. This can result in a lack of 
correspondence between the composition of the seed bank and the aboveground 
vegetation in many perennial grasslands (Thompson & Grime 1979; Rice 1989). 
Dominant perennial grasses may be underrepresented in, or absent from, the seed bank, 
while species with abundant, persistent seed banks may be underrepresented in, or 
absent from, the vegetation. 
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Livestock grazing can have significant impacts on aboveground vegetation and 
seed banks in grassland communities. In a recent study of a gradient of grazing pressure 
in South Africa savanna grasslands, O'Connor & Pickett (1992) reported the elimination 
of tall, longer-lived, palatable perennial grasses, such as Themeda triandra and 
Heteropogon contortus, under heavy sustained grazing. This was accompanied by a 
marked increase in lower-statured, shorter-lived, relatively unpalatable grass species and _ 
palatable but partially prostrate grass species, and in both annual and perennial forbs . 
Themeda and Heteropogon produce low amounts of large seeds which are poorly 
dispersed and short-lived (2-3 years). Sustained grazing during the growing season 
resulted in near total consumption of inflorescences of both species. Over time (within 
25 years), these species were eliminated from grassland communities because of 
mortality and lack of recruitment from a declining seed bank. 
A similar scenario may also be occurring on heavily grazed Cymbopogon-
Chrysopogon grasslands in upland Balochistan. Chrysopogon aucheri is susceptible to 
elimination like Themeda and Heteropogon because it is tall-statured, highly palatable, 
and produces few viable seeds for future recruitment (Hussain, Hussain & Ahmed 1980; 
Saleem 1990). Even though Cymbopogon jwarancusa is similar to Chrysopogon 
aucheri in growth habit, it is less palatable and produces a significantly greater number 
of viable seeds for future recruitment (Ahmed, Hussain & Hussain 1978; Saleem 1990). 
However, under sustained heavy grazing, Cymbopogonjwarancusa may be grazed to 
such an extent that it cannot produce seeds for dispersal and storage in the seed bank. 
This indicates the need for field studies to investigate the dispersal processes and seed 
bank dynamics of these two species under grazed and ungrazed conditions. 
Seed predation is an important factor for plant species survival and recruitment. 
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Common seed predators in most habitats include ants, birds, and small mammals. Both 
predispersal and postdispersal predators cause seed losses and influence the 
demographic patterns of plant populations (Inouye, Byers & Brown 1980; Reichman 
1981; Louda 1982; Andersen 1987) . Postdispersal predators, including many rodents, 
birds , and ants, are commonly found in many arid regions of the world (Brown , 
Davidson & Reichman 1979; Abramsky 1983; Parmenter, MacMahon & Vander Wall 
1984; Morton & Davidson 1988) . The rate of seed predation can vary in different plant 
communities due to differences among seed chemical composition, topography, 
environmental conditions, and the presence of seed predators and their preferences for 
specific seeds . Even in a community where seed consumption may be high, its effect on 
species composition may not be noticeable . This is due to the availability of limited 
safe sites for seedling establishment. As a result, the remaining seeds have better 
conditions for utilization of limited available resources (Louda 1989; Andersen 1989). 
Different taxa of seed predators have different impacts on vegetation. Abramsky 
(1983) evaluated seed predation by rodents and ants in the Israeli desert. His 
experiment revealed that rodents were more efficient than ants in finding and harvesting 
seeds, particularly seeds below the soil surface. Rodent seed predation has been 
observed as an important mortality factor in the annual grasslands of California . 
Marshall & Jain (1970) found that seed predation of Avena fatua at several different 
sites varied from Oto 65% . Hobbs (1985) observed that harvester ants (Veromessor 
andrei) were major seed predators on annual grasslands in California . Mornings and 
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evenings were dominant times for ant foraging activities . Ant foraging activity was at a 
peak during early summer when most of the grass species were at their seed dispersal 
stages. Ants preferred nondormant seeds of Microseris douglasii . However , their 
preference changed during the season according to the availability of seeds. Similarly , 
Hughes & Westoby ( 1990) reported differences in ant foraging behavior during 
different time periods and different plant growth stages . Mares & Rosenzweig ( 1978) 
measured seed removal rates of ants, birds, and mammals in the Sonoran Desert of 
North America and the Monte Desert of South America . Rodents were the main seed 
consumers in the Sonoran Desert . Ants also consumed a substantial amount of seeds. 
In the Monte Desert, ants were the major source of seed predation . Seed predation by 
birds was not prominent at either place. 
Similar seed predation studies have not been conducted for dominant species 
' 
comprising Cymbopogon-Chrysopogon grasslands in upland Balochistan. To more 
completely understand the regeneration ecology of Chrysopogon aucheri and 
Cymbopogon jwarancusa, it is important to identify the major seed predators and their 
influence on seed dispersal, seed bank dynamics, and plant recruitment. 
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Seedling establishment 
Plant establishment by seedling recruitment, the dominant type of regeneration 
for most species in rangeland communities, is only successful when plant requirements 
for seed germination, seedling establishment, and subsequent growth are matched with 
the microenvironmental factors of the seedbed (Grubb 1977; Harper 1977). Seedling 
recruitment is a result of the number of seeds in favorable microsites, or safe sites, 
rather than the total number of available seeds (Harper, Williams & Sagar 1965; Young 
1988). Favorable water and temperature conditions for germination and establishment 
on or near the surface are associated with soil surface microtopographical features such 
as cracks , depressions, rocks /gravel, and plant litter, and proximity to neighboring 
vegetation (Harper, Williams & Sagar 1965; Harper 1977; Fowler 1988). 
Seedling establishment in grasslands is frequently constrained or prevented 
because of competitive interactions between established plants and seedlings, even 
though the seedbed microenvironment associated with established plants may be more 
favorable for germination and initial seedling growth than bare soil interspaces between 
plants (Fowler 1986; Gurevitch 1986). Established bunchgrasses catch windblown soil 
particles and add organic matter through litterfall , creating small-scale spatial variability 
in rnicrotopography that provides safe sites for wind-dispersed seeds (Hook, Burke & 
Lauenroth 1991 ). Small disturbances (patch grazing, plant senescence) can reduce 
competition for belowground resources and provide opportunities for seedling 
recruitment in these hummock microsites (Coffin & Lauenroth 1988, 1990). 
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To my knowledge, only a few detailed studies have determined the types of 
microsites :md environmental conditions that are necessary for germination and 
establishment of a limited number of species on semiarid grasslands (Evans & Young 
1987; Fowler 1986; Winkel, Roundy & Cox 1991). Only one study has investigated the 
influence of gap disturbances and types of microsites on the seedling establishment of a 
dominant grass species in a semiarid grassland (Aguilera & Lauenroth 1995) . No such 
study has been conducted for the dominant grass species in Cymbopogon-Chrysopogon 
grasslands in upland Balochistan. Additional research is needed to examine the 
influence of seedbed microsites on the seedling establishment of these two grass 
species . 
In general , limited information is available on the regeneration ecology of range 
grass species in arid and semiarid regions. More specifically , only one 
laboratory /greenhouse study (Saleem 1990) has investigated the germination and 
seedling development of Chrysopogon aucheri and Cymbopogon jwarancusa, and the 
results cannot be readily extrapolated to the grasslands of upland Balochistan . Seed 
dispersal, seed bank dynamics, seed predation, and microsite availability may have vital 
roles in the regeneration of these dominant grasses on disturbed/degraded areas in this 
region. Therefore, it is important to investigate and understand these underlying 
processes, and how they influence the restoration and management of this critical 
resource. 
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The overall objective of this research project was to determine how seed 
attributes, seed dispersal mechanisms, seed bank dynamics, seed predation, and surface 
microsite features influence the regeneration of these species in a representative 
Cymbopogon-Chrysopogon grassland in upland Balochistan. A series of related 
experiments was conducted to achieve this objective. Specific research questions 
addressed by these experiments are: (1) What are the morphological attributes and 
viabilities of Cymbopogonjwarancusa and Chrysopogon aucheri seeds and how do 
they affect regeneration potential? (2) What are the seed distribution patterns of these 
species in different microhabitats? (3) What are the seed dispersal patterns from parent 
plants to a surface, and on the ground surface after leaving the parent plants ? (4) 
Which animal species are major seed predators? (5) How do spatial and temporal 
patterns of soil seed bank reserves in different microhabitats influence regeneration 
potential? (6) How do different microhabitats and precipitation levels influence 
germination, survival, and seedling establishment? and (7) How do different emergence 
times during the growing season affect seedling establishment and survival. 
Chapter II addresses the influence of seed viability, seed morphology, Phase I 
and Phase II seed dispersal, seed predation, and soil seed bank dynamics on the 
regeneration of Chrysopogon aucheri and Cymbopogonjwarancusa. Chapter III 
describes how different microhabitats, emergence times, and precipitation levels 
influence seedling emergence and establishment for both species. Chapter IV provides 
an overall synthesis of all studies and suggestions for future research directions. 
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CHAPTER II 
MOVEMENT AND FATES OF CHRYSOPOGON AUCHERI AND 
CYMBOPOGON JWARANCUSA DISPERSAL UNITS 
Summary 
IN GRASSLANDS OF UPLAND 
BALOCHISTAN, PAKISTAN 1 
1. A series of experiments was conducted in a representative Cy mbopogon-
Chrysopogon grassland in upland Balochistan to determine how seed attributes, seed 
dispersal mechanisms, seed predation, and soil seed bank dynamics influence the 
regeneration of Lymbopogonjwarancusa and Chrysopogon aucheri . 
2. Cymbopogon jwarancusa had more filled and viable caryopses than Chrysopogon 
aucheri. Seeds (spikelets) of both species have similar morphological features . 
22 
Spikelet dispersal occurs primarily by wind over a 2- to 3-week period in late-June /early 
July. Chrysopogon aucheri has one dispersal unit, a triplet spikelet. Cymbopogon 
jwarancusa has four different dispersal units : a paired spikelet, a partial raceme, an 
entire raceme, and a partial inflorescence (two racemes). 
3. Mean dispersal distances of spike lets from the edges of the basal crown of 
Cymbopogon jwarancusa and Chrysopogon aucheri plants were 94 and 79 cm, 
respectively . Spikelets were distributed in all directions around parent plants; however , 
1Coauthored by S. Ahmad, C.A. Call, and E.W . Schupp. 
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the mean angle of dispersal for both species was toward the northeast, according to the 
prevailing wind direction. 
4. Spikelets of Cymbopogon jwarancusa and Chrysopogon aucheri moved mean 
distances of 26 and 32 cm, respectively, from all locations on the ground surface before 
becoming trapped in a microhabitat. Gravel interspaces and plant canopies occupied 
higher proportional area and captured relatively a higher proportion of spike lets of both 
species. 
5. Ants (Tica verona) were the main spikelet predator for Chrysopogon aucheri. Both 
species have a weakly persistent soil seed bank. 
Introduction 
Cymbopogo n jwarancusa and Chrysopogon aucheri are the dominant , perenni al, 
C4 bunchgrasses in the arid grasslands of Balochistan , Pakistan. Sustainable production 
of these species depends on their continuous recruitment and prop-er management. 
Management efforts need to consider the regeneration ecology of both species under the 
prevailing environmental conditions . To date, however, no studies have evaluated the 
factors influencing the regeneration of either species. 
Growing evidence indicates that the regeneration of most grass species depends , 
I 
to a large degree, on the production of viable seeds, patterns of seed dispersal, seed 
predation, seed bank dynamics, and the presence of suitable microsites and 
environmental conditions for germination and seedling establishment (Watkinson 1978; 
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Rabinowitz & Rapp 1980; Stamp 1989; Coffin & Lauenroth 1992; Chambers & 
MacMahon 1994; Aguiar & Sala 1997; Russell & Schupp 1998). A better 
understanding of these parameters will improve our knowledge of the regeneration 
process and how it influences plant patterns in populations or communities (Schott 
1995). Seed dispersal can reduce seed predation rates and seedling competition by 
dispersing seeds away from the parent plant (Janzen 1970) and can provide seedling 
recruitment opportunities by dispersing seeds directly to favorable habitats (Baker 1974; 
Davidson & Morton 1981 ). 
The seed dispersal process typically involves two distinct phases (Chambers & 
MacMahon 1994). Primary or Phase I dispersal is the movement of seeds from the 
parent plant to a surface, and secondary or Phase II dispersal is the subsequent 
movement of seeds on or into the soil surface. Plant height, seed morphology, 
characteristics of the surrounding vegetation, and wind conditions are some of the 
characteristics that detennine the movement of seeds from the parent plant to a surface 
(Willson 1993; Carey & Watkinson 1993). Phase II movements are determined by site 
surface characteristics, seed size and shape, and animal activities (Sheldon 197 4; 
Chambers, MacMahon & Haefner 1991 ). Lateral movement of seeds during Phase II 
dispersal has been recognized as a significant factor, particularly in sparse vegetation of 
arid and semiarid regions (Russell & Schupp 1998). However, most seed dispersal 
studies rely only on the results of Phase I seed dispersal, and this has led to an 
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incomplete understanding of seed dispersal processes (Watkinson 1978; Chambers & 
MacMahon 1994). 
Studies on seed predation indicate that both predispersal and postdispersal seed 
predators can influence species survival, soil seed bank dynamics, and recruitment 
( Andersen 1987; Reichman 1981; Louda 1982; Schupp 1990) . Rodents, birds, and ants 
are the common postdispersal predators, and are commonly found in many arid regions 
of the world (Abramsky 1983; Morton & Davidson 1988). The effects of seed 
predation on the dominant species of Cymbopogon-Chrysopogon grasslands in upland 
Balochistan have not been explored, and there is a need to identify the major seed 
predators and their influence on seed dispersal , seed bank dynamics, and plant 
recruitment. 
The soil seed bank plays a vital role in the recruitment of plant species after 
disturbances in many plant communities (Baskin & Baskin 1978; Coffin & Lauenroth 
1989). Seed morphology, soil roughness, seed dispersal , and seed predators determine 
the input of seeds into the soil seed bank . Perennial grasses usually have a transient 
seed bank (Kinucan & Smeins 1992) and livestock grazing can have a significant 
impact on aboveground vegetation and the soil seed bank in many grassland 
communities. Grazing pressure can eliminate palatable grass species by reducing seed 
production and seed input into the soil seed bank, and thus reducing the recruitment 
potential from the seed bank (O'Connor & Pickett 1992). Chrysopogon aucheri is more 
preferred by small ruminants over Cymbopogon jwarancusa; however, information is 
lacking on the status of the soil seed bank of these species in the grasslands of upland 
Balochistan. 
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In order to address these stages of recruitment, complementary field studies were 
conducted during the 1996 and 1997 growing seasons in a representative Cymbopogon-
Chrysopogon grassland in upland Balochistan in order to determine: (1) the morphology 
and viability of seeds of Chrysopogon aucheri and Cymbopogon jwarancusa, (2) 
patterns of seed distribution among different microhabitats, (3) spatial patterns of 
dispersal of seeds from Chrysopogon aucheri and Cymbopogonjwarancusa plants to 
the soil surface, ( 4) movement of seeds of these species on the soil surface, ( 5) loss of 
seeds to predators , and (6) spatial and temporal patterns of soil seed reserves in different 
microhabitats. 
Materials and methods 
FIELD SITE DESCRJPTION AND 
LAYOUT OF TRANSECTS 
Seed dispersal, seed predation, and seed bank studies were conducted at Chilt~n 
National Park, Hazargangi, located about 28 km south of Quetta, Balochistan. The total 
protected area of Chiltan National Park is 10,368 ha. This area has been protected from 
livestock grazing since 1964. According to the latest vegetation survey, the area 
consists of an Artemisia maritima community, an Artemisia-Poa-Taeniantherum 
community, a Bromus-Prunus community, and an Artemisia-Sophora community, with 
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a total of 112 plant species (Marwat, Nisar & Hussain 1992). Cymbopogonjwarancusa 
and Chrysopogon aucheri are the major perennial grasses of the area 
The park area is situated in a Mediterranean climate, with a mean annual 
precipitation of 250 mm. Rains mostly occur in winter, from November to March . 
Monsoon rains occur rarely in July and August. In winter, the air temperature drops 
below 0 0 C. Yearly mean minimum and maximum air temperatures at the site are -7 °C 
and 38 °C, respectively (Marwat, Nisar & Hussain 1992) . Soils of the area are sandy to 
sandy-loam in texture , with a pH of 8.2 to 8.5 (Marwat, Nisar & Hussain 1992). Bare 
surfaces are mostly occupied by rocks and gravel. 
A representative site was selected in the park area in terms of soils, slopes , 
composition of vegetation, presence of both Cymbopogon-Ch,ysopogon species, good 
distribution of both species throughout the site, and presence of seven different major 
microhabitats (Cymbopogonjwarancusa plants, Chrysopogon aucheri plants, dead 
centers of Cymbopogonjwarancusa plants, dead centers of Chrysopogon aucheri plants, 
Artemisia maritima plants , gravel interspaces between plants, and soil interspaces 
between plants) . 
Three parallel transects were established across the site in a west to east 
direction. The 500-m long, middle transect was used to study Phase I dispersal into 
three major microhabitats ( Cymbopogon Jwarancusa canopies, Chrysopogon aucheri 
canopies, interspaces ). A 200-m transect was established 10 m to the south of the 
middle transect for measuring Phase I and Phase II seed dispersal distances and 
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directions. Another 200-m long transect was established 10 m to the north of the 
middle transect for quantifying seed predation. Soil seed bank sampling was conducted 
on a fourth transect, 300 m in length and beginning 15 m from the east end of the 
middle transect. 
DISPERSAL UNIT ATTRIBUTES 
Ten plants each of Chrysopogon aucheri and Cymbopogon jwarancusa from the 
Phase I seed dispersal study (see below) were characterized for inflorescence length and 
number of spikelets per inflorescence . Perc entages of filled and viable caryopses were 
determined in both 1996 and 1997. During seed dispersal, Chrysopogon aucheri and 
Cymbopogonjwarancusa typically disperse triplet and paired spikelets , respectivel y, as 
dispersal units , rather than individual spikelets . Cymbopogon jwarancusa also has 
dispersal units consisting of groups of attached spikelets. Four replications of 100 
spikelets for each species were measured for length (including awns), width, and mass. 
The same morphological attributes were also measured for other dispersal units (groups 
of attached spikelets) of Cymbopogonjwarancusa. Counts of filled and unfilled 
caryopses and viability of filled caryopses were assessed by using another set of four 
replications of 100 spikelets for each species . Filled caryopses were placed separately 
. 
in a 1 % triphenyl tetrazolium chloride solution for 48 hours at room temperature (22-25 
°C) in complete darkness, and percent viability was determined by evaluating the 
intensity of staining and staining patterns under a 1 Ox lens (Grabe 1970). 
PHASE I DISPERSAL INTO THREE 
MAJOR MICROHABIT ATS 
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The 500-m long, middle transect was used to measure seed (spikelet) rain of 
Chrysopogon aucheri and Cymbopogon jwarancusa during the 1996 and 1997 growing 
seasons. Fifty points, each 10 m apart, were selected along the transect line and at each 
point three spikelet traps were used, one adjacent to a Chrysopogon aucheri plant, one 
adjacent to a Cymbopogonjwarancusa plant, and one in the interspace between the 
Chrysopogon and Cymbopogon plants . Spikelet traps were placed prior to spikelet 
dispersal of both species, which normally occurs in mid-June. A spikelet trap (modified 
from Schott 1995) consisted of a 10-cm diameter plastic funnel placed in a 17-cm long 
by 10-cm diameter aluminum cylinder with an open bottom. Plastic funnels were 
attached to the aluminum cylinder with velcro strips . The cylinder was placed in a 
similar sized hole in the soil, leaving the top 1 cm above the soil surface . A piece of 
cotton was placed in the bottom of the funnel to trap the spikelets and to let water drain 
out of the funnel. Tanglefoot ® was applied to the top outer surface of the funnel to 
prevent entry by insects . Trapped spikelets were removed from funnels at 2-week 
intervals over the entire dispersal period, separated by trap location, and placed in 
plastic bags for identification and counting. 
Data for each species were analyzed separately. Friedman's test for randomized 
blocks was used to assess differences in spikelet rain by microhabitat (Friedman 193 7). 
Significance of microhabitats was adjusted according to the sequential Bonferroni 
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technique (Rice 1989) for both species in each year to increase the power for detecting 
more than one false null hypothesis. A significance level of 0.05 was selected . P-
values of microhabitats for each year were arranged in an ascending order. The selected 
significance level (0.05) was divided by 2 (the total number of analyses performed in 
each year). The resulting value was first compared with the smallest P-value for 
microhabitats . If the P-value was smaller than the resulting value , the microhabitats 
were considered to have a significant influence on seed dispersal. The analysis 
proceeded to the next P-value and-again compared it with the 0.05 significance level. 
The large sample approximation was used for these analyses, and multiple comparisons 
among microhabitats were determined with Conover's test (Conover 1980) at a 0.05 
significance level. Friedman tests were computed using the rank and GLM procedures 
in SAS Release 6.12 (SAS Institute Inc . 1996). 
PHASE I AND PHASE II DISPERSAL 
Phase I and Phase II dispersal were investigated only during the 1997 growing 
season. Sampling points on the 200-m transect line were 10 m apart for a total of20 
points. For Phase I dispersal, one nearest Chrysopogon aucheri plant and one nearest 
Cymbopogon jwarancusa plant were picked at each of the first l 0 selected points . 
Height of reproductive culms and length of infructescences were measured on each 
marked plant. Spikelet production was measured by counting the number of spikelets 
per reproductive culm. Prior to spikelet dispersal, fluorescent powder was applied to 
31 
spikelets on the marked plants at each transect point. A different color was used for 
each species . Cheesecloth was placed on the soil surface within a 3-m radius 
surrounding each marked plant to entrap and retain dispersed spikelets where they 
initially landed (Levin & Kerster 1969). The cheesecloth was cut according to the sizes 
of plant canopies within a 3-m radius and nails were used to hold the cheesecloth on the 
soil surface. Infructescences on Chrysopogon aucheri and Cymbopogon jwarancusa 
plants within a 3-m radius of each marked plant were clipped to prevent confounding by 
extraneous spikelets. Spikelet dispersal was checked every 24 hours. After locating the 
marked spikelets , their direction and distance from the marked plant were measured 
and the spikelets were removed . The distance of a dispersed spikelet was measured 
from the edge of the basal crown of each marked plant. A compass was used to 
determine the direction of spikelet dispersal. Measurements were taken during the 
entire spikelet dispersal period (June 17 to July 3, 1997) to characterize spatial patterns 
of dispersal. Prevailing wind speed was measured at different points with a hand-held 
anemometer at the top of plant canopies at 900 hours, 1200 hours, and 1500 hours 
during the spikelet dispersal period. Wind direction was determined with a compass . 
Mean, median, and modal dispersal distances were calculated for each species . 
Spikelets falling on or in plant cover were not included in the calculation of mean 
dispersal distances and directions. The mean spikelet dispersal direction was calculated 
by using circular statistical methods (Batschelet 1981 ). The angle of spikelet dispersal 
from the parent plant was recorded in 10° sectors. The significance of mean vector 
length was assessed by the Rayleigh's test (Zar 1996). 
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The remaining 10 points on the transect were used for assessing Phase II 
dispersal. One nearest Chrysopogon aucheri plant and one nearest Cymbopogon 
jwarancusa plant were selected at each point. Phase II dispersal was based on the 
results from the Phase I dispersal study (see results below). Northeast and northwest 
were the dominant directions of spikelet dispersal for both species, and the modal 
distance categories for dispersal were 20 and 30 cm for triplet and paired spikelets of 
Chrysopogon aucheri and Cymbopogon jwarancusa, respectively. Consequently, 
groups of five, marked, paired spikelets of Cymbopogon jwarancusa were placed 30 
cm away from marked Cymbopogon jwarancusa plants in northeast and northwest 
directions, and groups of five, marked, triplet spikelets of Chrysopogon aucheri were 
placed 20 cm away from marked Chrysopogon aucheri plants in northeast and 
northwest directions. A nail was pushed into the soil at each group location to serve as 
a reference point. Different colors of fluorescent powder were used to mark each 
spikelet group. Each spikelet within each group was uniquely marked with a permanent 
ink mark to differentiate it from other spikelets in the same group. The marked 
spikelets were placed on the soil surface on July 11, 1997. Direction and distance of 
individual spikelet movement were measured at 3-day intervals after placement of 
spikelets, until the spikelets became trapped in microhabitats or could no longer be 
relocated. A spikelet was considered trapped if it remained lodged in the same place for 
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a minimum of 6 days. After measuring the distance, direction, and entrapment 
microhabitat of trapped spikelets, they were removed and morphological features were 
characterized as descn bed earlier. Microhabitats considered were Cymbopogon 
jwarancusa plants, Chrysopogon aucheri plants, dead centers of Cymbopogon 
jwarancusa plants, dead centers of Chrysopogon aucheri plants, Artemisia maritima 
plants, gravel interspaces between plants, soil interspaces between plants, litter and 
plants canopies other than Cymbopogonjwarancusa and Chrysopogon aucheri. A 1 x 1 
m quadrat that had been subdivided into a grid with 20 x 20 cm cells was used to 
determine he relative abundance of different microhabitats at each marked point within 
a 3-m radius at northeast , northwest , southeast , and southwest directions. Wind speed 
and direction at the ground surface were recorded in the same manner as for Phase I 
dispersal. Data analyses for spikelet dispersal directions and distances for Phase II were 
the same as for Phase I dispersal described above. Monte Carlo estimation of an exact 
test of chi square was performed using StatXact 3 for windows (Mehta & Patel 1995) to 
determine the association of spikelet distribution among different microhabitats during 
Phase II dispersal. A separate analysis was run for each species. Only the dispersed 
spikelets from northeast and northwest directions were used for this analysis because 
most of the spike lets were dispersed in these two directions . 
SPIKELET PREDATION 
Spikelet predation by rodents, ants, and birds was monitored at 20 selected 
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points ( 10 m apart) along a 200-m transect during the 1996 season. At each point, three 
different predation treatments (spikelets accessible only to rodents, spikelets accessible 
only to birds, and spikelets accessible only to ants) were placed under the canopy of the 
nearest Chrysopogon aucheri plant, under the canopy of the nearest Cymbopogon 
jwarancusa plant, and in the interspace between these plants. Each treatment consisted 
of paired petri dishes, one containing 25 triplet spikelets of Chrysopogon aucheri and 
the other containing 25 paired spikelets of Cymbopogonjwarancusa. Petri dishes were 
10 cm in diameter and 2.5 cm deep, and had small holes in the base for drainage . 
Petri dishes for the ant predation treatment were buried in the soil with the tops 
of the dishes kept at the soil surface level. A thin layer of soil was placed in the bottom 
of the dishes to anchor the spikelets. The petri dishes were covered with a screen (6.4 
mm mesh) that allowed ants, but not rodents or birds to enter. Small twigs were also 
placed in the dishes to provide ants with a bridge to walk out of the dishes . 
Petri dishes for the rodent and bird treatments were glued to a piece of wood 
containing a nail to anchor the dish on the soil surface . A thin layer of soil was placed 
in the bottom of the dishes to anchor the spikelets, and Tanglefoot ® was applied 
around the petri dishes to prevent ant entry. Pieces of wood (25 x 15 cm), with nails in 
each corner to anchor to the soil surface, were used as covers. The bird treatment was 
covered during the night and left uncovered during the day. The rodent treatment was 
covered during the day and left uncovered during the night. Each dish for all three 
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dispersal, during spikelet dispersal, and after spikelet dispersal. 
After placing spikelets in petri dishes, it was observed that some spikelets were 
being blown out by strong winds. Deeper petri dishes ( 4 cm) were used but spikelets 
still did not remain within the dishes and were blown away by strong winds . Spikelets 
were then anchored in petri dishes by slightly pushing the callus end into the soil 
surface. Spikelets were checked after 24 hours for 3 days and counted at each point. 
No spikelet predation by birds, rodents, or ants was observed. However, observations at 
the field site indicated that ants had limited foraging activities with both species after 
spikelet dispersal. Therefore, to further quantify spikelet predation by ants and to assess 
their preferences, soil samples were collected on July 18, 1996, at five randomly located 
ant mounds along the same transect. At each ant mound , 10 soil samples were collected 
around the perimeter of the mound with a 10-cm diameter core at two depths (0-2 .5 cm 
and 2.5-5 cm) . Soil samples were passed through different-sized screens for spikelet 
identification and counting. Numbers of spikelets in ant mounds were converted into 
spikelet density /m2 by calculating the total sampling area (see above) and the number of 
spikelets in cores on a per m2 basis. Means and standard errors for Chrysopogon 
aucheri and Cymbopogon jwarancusa spikelets were calculated. 
SOIL SEED BANK 
The 300-m transect for seed bank (actually bank of spikelets) studies was used 
during the 1997 growing season. Thirty points were established on this transect ( 10 m 
apart) for collecting soil samples in different microhabitats at different times of the 
36 
year. Spikelets of Chrysopogon aucheri and Cymbopogonjwarancusa are usually 
dispersed in June and July and germinate from April to May, depending on 
environmental conditions. Thus, samples were taken in early April 1997 (before 
spikelet dispersal and seedling recruitment), mid-July 1997 (after seedling recruitment 
and spikelet dispersal), and early September 1997 (near end of growing season). Ten of 
the 30 regularly selected transect points were used at each of the three sampling times. 
Soil samples were collected at two soil depths, 0-2.5 cm and 2.5-5.0 cm, using a 10-cm 
diameter soil core. At each transect point, five samples were taken from each of seven 
major microhabitats : (1) gravel interspace, (2) soil interspace, (3) under the canopy of 
Chrysopogon aucheri plants,( 4) under the canopy of Cymbopogonjwarancusa plants, 
(5) under the canopy of Artemisia maritima plants, (6) within the dead center of 
Chrysopogon aucheri plants, and (7) within the dead center of Cymbopogon jwarancu sa 
plants . Soil samples were placed in bags and returned to the laboratory where they were 
passed through different screens to collect spikelets for identification, counting, and 
viability testing. Caryopsis viability was determined in the same manner as described in 
the Dispersal Unit Attributes section. Spikelet density /m2 was determined by 
calculating the total sampling area (see above) and the number of spikelets per core on a 
per m2 basis. Separate analyses were used for each sampling period and for each 
species after pooling the subsamples. Data were square-root-transformed prior to 
analysis to meet normality assumptions. The experimental design was a two-way 
factorial in a blocked, split-plot design, where transect points were considered as blocks. 
Sampling location (microhabitats) was the whole-plot factor and soil depth was a sub-
plot factor. Tukey's multiple comparison test (P < 0.05) was used to separate spikelet 
density values among different microhabitats. Analyses were performed using Proc 
Mixed procedures in SAS Release 6.12 (SAS Institute Inc. 1996). 
Results 
DISPERSAL UNIT ATTRIBUTES 
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Chrysopogon aucheri plants had a height of 40.9 ± 0.3 cm and had 40 ± 7 culms 
per plant. The inflorescence is paniculate, 18.8 ± 0.2 cm in length, with 11.8 ± 0.2 
spikelets (Fig. la) . Overall, Chrysopogon aucheri plants produced 473 ± 91 spikelet 
clusters per plant. Each spikelet cluster consists of three spikelets (Fig. 1 b ). The 
middle, sessile spikelet is fertile and the two outside, pedicellate spikelets are sterile. 
The sessile spikelet has a hygroscopically active awn that is tightly twisted below the 
knee. The callus of the sessile spikelet is blunt and covered with antrorse bristles . The 
caryopsis has an oblong shape . At maturity, a triplet of spikelets usually detaches from 
the infructescence. 
Cymbopogonjwarancusa plants had a height of 45 .8 ± 0.6 cm and had 29 ± 4 
culms per plant. The inflorescence is also paniculate, 13.7 ± 0.4 cm in length (Fig . le) . 
Each panicle has 4.1 ± 0.1 partial inflorescences, each comprised of two racemes 
subtended by a spathe (Fig. 1 c ). Generally, each entire raceme contains 10 to 11 paired 
spikelets. Overall, Cymbopogon jwarancusa plants produced 1184 ± 21 7 spikelet pairs 
per plant. Each spikelet pair is comprised of an upper, sterile spikelet and lower, fertile 
spikelet (Fig. 1 d). The fertile spikelet has a hygroscopically active awn that is tightly 
a. 
b. 
Fig. 1. Paniculate inflorescences (a and c) and spikelets (band d) of 
Chrysopogon aucheri and Cymbopogonjwarancusa, respectively (from Jurair 
1977). 
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twisted below the knee. The callus is more blunt than that of Chrysopogon aucheri, and 
is also covered with :mtrorsc bristles. The caryopsis has an oval shape. At maturity, 
several types of dispersal units can detach from the infructescence, including a paired 
spikelet, a partial raceme, an entire raceme, and a partial inflorescence. 
The typical dispersal units for Chrysopogon aucheri and Cymbopogon 
jwarancusa were triplet spikelets and paired spikelets, respectively. Spikelets of both 
species were similar in width; however, paired spikelets of Cymbopogon jwarancusa 
were shorter in length, heavier, and had less eccentricity (length : width ratio) than those 
of Chrysopogon Chrysopogon aucheri. Partial racemes, entire racemes, and partial 
inflorescences of Cymbopogon jwarancusa were heavier, longer, and wider than paired 
spikelets . Partial inflorescences of Cymbopogon jwarancusa had less eccentricity than 
paired spikelets, partial racemes, and entire racemes (Table 1 ). These morphological 
data were very similar for spikelets collected in 1996 and 1997; therefore , data are 
shown only for 1997. 
Cymbopogonjwarancusa had more filled and viable caryopses than 
Chrysopogon aucheri in 1996 (Table 2) and 1997 (Table 3). The viability of filled 
caryopses for both species was higher in 1997 than in 1996. Chrysopogon aucheri 
caryopses had greater mass (1.2 ± 0.1 mg) than Cymbopogonjwarancusa caryopses (0.6 
± 0.1 mg). 
PHASE I DISPERSAL INTO THREE 
MAJOR MICROHABITATS 
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Initial spikelet distribution varied significantly over microhabitats for both 
species in 1996 (df= 2; F = 21.60 and F = 10.92; P = 0.0001 for Chrysopogon aucheri 
and Cymbopogonjwarancusa, respectively) and 1997 (df= 2; F = 19.31; P = 0.0001 for 
Chrysopogon aucheri and F = 3.84; P = 0.024 for Cymbopogonjwarancusa) (Tables 
A.l , A.2 and Tables A.4, A.5). The numbers of Friedman's rank sums for 
Cymbopogon jwarancus and Chrysopogon aucheri spikelets trapped in different 
microhabitats during 1996 and 1997 seasons are presented in Tables A.3 and A.6, 
respectively, while the box plots of the data are presented in Figures 2 and 3. In both 
years, more Lymbopogon jwarancusa spikelets were trapped under Cymbopogon 
jwarancusa canopies than under Chrysopogon aucheri canopies and in interspaces . 
Similarly, more Chrysopogon aucheri spikelets were trapped under Chrysopogon 
aucheri canopies than under Cymbopogon jwarancusa canopies and in interspaces. 
PHASE I AND PHASE II DISPERSAL 
A total of 2587 and 2684 dispersal units of Cymbopogon jwarancusa and 
Chrysopogon aucheri, respectively, was recovered from the cheesecloth surrounding 
the 10 plants per species. All 2684 dispersal units of Chrysopogon aucheri were triplet 
spike lets. Of the 25 87 dispersal units of Cymbopogon jwarancusa, 78.2% were 
dispersed as paired spikelets, 15.3% as partial racemes, 5.2% as entire racemes, and 
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Table 1. Mean (±SE) mass, length, width, and length:width (eccentricity) ratio of 
Chrysopogon aucheri and Cymbopogon jwarancusa dispersal units collected in 1997. 
-·----- ----Mass Length Width Length:width 
Species (mg) (mm) (mm) ratio 
Chrysopogon aucheri 
Triplet spikelet 2.3 ± 0.0 27.8 ± 0.1 2.0 ± 0.0 13.9±0.1 
Cymbopogon jwarancusa 
Paired spikelet 3.3 ± 0.0 16.7±0.1 2.1 ± 0.0 7.9 ± 0.0 
Partial raceme 7.5 ± 0.1 21.0±0.1 3.0 ± 0.0 7.0 ± 0.0 
Entire raceme 12.5 ± 0.4 25.0 ± 0.1 3.0 ± 0.0 8.3 ± 0.0 
Partial inflorescence 28.3 ± 5.6 26.l ± 0.3 5.9 ± 0.1 4.4 ± 0.1 
Table 2. Percent (mean± SE) unfilled caryopses and viable/nonviable filled caryopses 
of Chrysopogon aucheri and Cymbopogon jwarancusa seeds collected in 1996. 
Unfilled Nonviable Viable 
Species caryopses filled caryopses filled caryopses 
Chrysopogon aucheri 62 ± 3 12 ± 2 26 ± 4 
Cymbopogon jwarancusa 28 ± 3 23 ± 2 49 ± 2 
Table 3. Percent (mean± SE) unfilled caryopses and viable/nonviable filled caryopses 
of Chrysopogon aucheri and Cymbopogon jwarancusa seeds collected in 1997. 
Unfilled Nonviable Viable 
Species caryopses filled caryopses filled caryopses 
Chrysopogon aucheri 43 ± 2 7 ± 1 50 ± 3 
Cymbopogon jwarancusa 20 ± 3 17 ± 3 63 ± 5 
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Fig. 2. Box plots showing the numbers of trapped spikelets for (a) Cymbopogon 
jwarancusa spikelets and (b) Chrysopogon aucheri spike lets in different 
microhabitats (Cy= Cymbopogonjwarancusa canopies, Ch= Chrysopogon 
aucheri canopies, I= interspaces) during the seed dispersal period in 1996. The 
horizontal line within the box is the median, the box spans the 25th_ 75th 
percentile range, the vertical lines span the 1 0th_9oth percentile range, and circles 
are more extreme values. Microhabitats with different letters are significantly 
different (P < 0.05). 
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only 1.3% as partial inflorescences . Mean, median, and modal distances of dispersal 
units from the edges of the basal crown of Chrysopogon aucheri and Cymbopogon 
jwarancusa plants are presented in Table 4. The heavier dispersal units of Cymbopogon 
jwarancusa, entire racemes and partial inflorescences, had the lowest mean and median 
dispersal distances from parent plants. Paired spikelets and partial racemes of 
Cymbopogon jwarancusa had higher mean and median dispersal distances from parent 
plants than triplet spikelets of Chrysopogon aucheri. Modal dispersal distances of 
Cymbopogon jwarancusa paired spikelets and Chrysopogon aucheri triplet spikelets 
were within a 30 cm and 20 cm radius, respectively, of their parent plants . A few 
dispersal units moved up to 300 cm from the marked plants (Fig. 4a and 4b ). 
Dispersal units were distributed in all directions around parent plants; however , 
the mean angle of dispersal for both species was in a northeast direction. The mean 
angle of dispersal was 12.6° for Cymbopogonjwarancusa and 21.0° for Chrysopogon 
aucheri (Fig . 5a and 5b ). Rayleigh test z-values for Cymbopogon jwarancusa and 
Chrysopogon aucheri plants were 2.99 at the z = 0.05 level. This indicates that both 
species had a mean population angle direction towards the northeast. Winds were 
primarily towards the north and northwest during the dispersal period, which only 
roughly corresponds to the mean direction of dispersal. Mean wind velocity across all 
sampling times was higher at the top of the taller Cymbopogon jwarancusa plants than 
the shorter Chrysopogon aucheri plants (Table 5). A maximum wind velocity of 30.4 
Km/h was recorded at the top of the plant canopies during Phase I dispersal. 
Table 4. Mean(± SE), median, and modal dispersal distance of Chrysopogon aucheri 
and Cymbopogon jwarancusa dispersal units from parent plants to the ground surface. 
Mean Median Modal 
dispersal distance dispersal distance dispersal distance 
Species (cm) (cm) (cm) 
Chrysopogon aucheri 
Triplet spikelet 79.9 ± 1.3 55.0 20.0 
Cymbopogon jwarancusa 
Paired spikelet 94.3 ± 1.5 76.0 30.0 
Partial raceme 101.9 ± 3.4 87.0 70.0 
Entire raceme 71.1 ± 6.0 45.0 30.0 
Partial inflorescence 71.8 ± 11.8 51.0 80.0 
In Phase II dispersal, 88 and 96% of Chrysopogon aucheri spikelets were 
recovered from spikelets groups placed 20 cm away from Chrysopogon aucheri plants 
in northeast and northwest directions, respectively . For Cymbopogonjwarancusa , 92 
and 96% of spikelets were recovered from spikelet groups placed 30 cm away from 
Cymbopogonjwarancusa plants in northeast and northwest directions, respectively . 
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The remaining spikelets were not recovered. Mean, median, and modal dispersal 
distances of both species during Phase II dispersal are presented in Table 6. Spikelets of 
Chrysopogon aucheri moved a maximum mean distance of 31.6 cm, whereas spikelets 
of Cymbopogon jwarancusa moved a maximum mean distance of 26 cm before they 
>, 
(.) 
C: 
a 
200 
150 
~ 100 
C" 
Q) 
~ 
LL 
>, 
(.) 
C: 
50 
150 
~ 100 
C" 
Q) 
~ 
LL 
50 
0 ... 5....,.3 .... 0""""'+'5 .... 5 ... 8... 0+a, .... 1 0 ... 5... 1.&.&3.L&O .L&1 5.u5.u.1 .8 O.LL. 2.u.O.u.. 5.u.2.u.3 O.u.2.u.5.1.1:5:1.1:2:a:8 O:IUL 
Distance from plant (cm) 
46 
Fig. 4. Frequency distribution of dispersal distances for (a) all dispersal units of 
Cymbopogonjwarancusa and (b) triplet spikelets of Chrysopogon aucheri . 
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Fig. 5. Frequency distribution of dispersal directions for (a) all dispersal units of 
Cymbopogon jwarancusa and (b) triplet spike lets of Chrysopogon aucheri 
around their parent plants . Arrow indicates the mean dispersal angie . 
Table 5. Mean wind velocity(± SE) at the top of Cymbopogonjwarancusa and 
Chrysopogon aucheri plants at different times during the Phase I dispersal period . 
Wind velocity (Km/h) 
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Species 900 hours 1200 hours 1500 hours 
Cymbopogon jwarancusa 
Chrysopogon aucheri 
7.3 ± 0.2 
6.4 ± 0.2 
9.3 ± 0.4 
8.6 ± 0.3 
10.3 ± 0.4 
9.4 ± 0.4 
were trapped in a microhabitat (Table 6) . The modal distance category for both 
Cymbopogon jwarancusa and Chrysopogon aucheri spike let dispersal before becoming 
trapped was the 0-5 cm category . A few spikelets moved more than 100 cm from their 
places of initial placement (Fig. 6a and 6b ). Spike lets of both species moved in all 
directions along the ground surface , depending on wind directions and proximity to 
plants. However, the mean dispersal angle for both species was northeast (Table 6) . 
Again , this onl y roughly corresponds to wind direction of the ground surface which was 
mostly to the north and northwest. Mean wind velocity at the ground surface for both 
species combined was 1.9 ± 0.1, 2.5 ± 0.1, and 3.0 ± 0.1 Km/h , respectively , at 900 
hours , 1200 hours , and 1500 hours during Phase II dispersal. Maximum wind velocity 
at the ground surface was 6.8 Km/h. The morphological attributes of the trapped 
spikelets were similar to those described in the Dispersal Unit Attributes section (Table 
1 ). 
Neither species showed a significant (df = 7; P > 0.05) association for spikelet 
distribution among different microhabitats (Table A.7). The gravel microhabitat 
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Table 6. Mean(± SE), median, and modal dispersal distance and angle of Chrysopogon 
aucheri and Cymbopogonjwarancusa spikelets on the ground after being placed 
northeast and northwest of plants of both species. 
Species 
Chrysopogon aucheri 
Cymbopogon jwarancusa 
Initial spikelet 
position in 
relation to 
plant 
NE 
NW 
NE 
NW 
Mean 
dispersal 
distance 
(cm) 
19.4 ± 5.0 
31.6±7.9 
26 .0 ± 5.2 
22.8 ± 4.7 
Median 
dispersal 
distance 
(cm) 
6.0 
4.5 
7.0 
11.5 
Modal 
dispersal 
distance 
(cm) 
5.0 
4 .0 
3.0 
3.0 
Dispersal 
angle 
(degrees) 
37.3° 
12.1 ° 
42.2 ° 
21.1 ° 
occupied the highest proportional area and had the highest numbers of spike lets of both 
species (Fig. 7) . Dead centers of Cymbopogon jwarancusa and Chrysopogon aucheri , 
and soil interspaces occupied the lowest proportional area and had lower numbers of 
spikelets than other microhabitats (Fig. 7). 
SPIKELET PREDATION 
No spikelet predation was observed by rodents or birds . Ants did not remove 
any spikelets of Chrysopogon aucheri or Cymbopogon jwarancusa from petri dishes; 
however, ants were observed carrying naturally dispersed spikelets of both species to 
nearby ant mounds. Ant mound soil sampling was performed on July 18, 1996, which 
corresponds to the soil seed bank sampling period in 1997 after seedling recruitment 
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jwarancusa dead center, Chd = Chrysopogon aucheri dead center, Art= 
Artemisia maritima canopy, Gr= gravel interspace, So = soil interspace , Other= 
plant canopies other than Cy, Ch and litter. 
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and spikelet dispersal. More Chrysopogon aucheri spikelets were recovered from ant 
mound soil samples than Cymbopogon jwarancusa spikelets (Table 7). The densities of 
Cymbopogon jwarancusa and Chrysopogon aucheri spike lets in ant mounds were 
different from the soil seed (spikelet) bank data (see below) in a number of ways and 
indicate that ants buried some spikelets at deeper depths. Moreover, only the buried 
Chrysopogon aucheri spikelets were fragmented . Although the percentages of 
fragmented spikelets, and filled and unfilled caryopses were not quantified , most of the 
buried Chrysopogon aucheri spikelets were fragmented and without caryopses . The 
soil seed bank and ant mound data cannot exactly be compared with each other due to 
different sampling years, different sampl ing sites , and different spikelet production . 
However , ant mound soil samples provide some information about ant predation 
behavior and species preference . 
SOIL SEED BANK 
Seed densities (actually spikelet densities) of Chrysopogon aucheri and 
Cymbopogon jwarancusa varied with micro habitats and soil depths for each sampling 
Table 7. Mean number(± SE) of spikelets /m2 of Chrysopogon aucheri and 
Cymbopogon jwarancusa at different soil depths in ant mounds. 
Soil depth (cm) Chrysopogon aucheri Cy mbopogon jwarancusa 
0-2 .5 1604 ± 388 1184± 134 
2.5-5 2609 ± 448 827 ± 107 
-----------------------------
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date (Tables 8, 9, and 10). The main factors, microhabitat and sampling depth were 
significant (df= 6; F = 2.63 - 3.23; all P < 0.05 for microhabitat; df= l; F = 51.77 -
251.26; all P < 0.05 for depth) for all sampling periods (Tables A.8 to A.13). The 
microhabitat x depth interaction was significant (df= 6; F = 1.16 - 9.53; all P < 0.05) for 
all sampling dates , except for Chrysopogon aucheri near the end of the growing season 
(F = 0.77; P = 0.5981) (Tables A.8 to A.13). More spikelets were found in the upper (0-
2.5 cm) soil depth than the lower (2.5-5 .0 cm) soil depth in all microhabitats (Tables 8, 
9 and 10). There were no significant differences in spikelet densities among 
microhabitats at the lower depth at any sampling period . Lowest spikelet densities for 
both species in most microhabitats were recorded in early April , before seedling 
recruitment and spikelet dispersal (Table 8), whereas highest spikelets densities were 
recorded in mid-July , after seedling recruitment and spikelet dispersal (Table 9). In 
general , spikelet densities for both species were highest under conspecific canopies and 
in conspecific dead centers, and lowest in heterospecific dead centers and in gravel and 
soil interspaces. Spikelet densities were generally intermediate under Artemisia 
canopies for Cymbopogonjwarancusa (Tables 8 and 9), except during the September 
period when they were higher than gravel and soil microhabitats (Table 10). 
Discussion 
DISPERSAL UNIT ATTRIBUTES 
Spikelets of both species bear hygroscopic awns and antrorse bristles. 
Table 8. Mean number of Chrysopogon aucheri and Cymbopogonjwarancusa 
spikelets /m2 (back transformed from arcsine transformed analyses) at 0-2.5 and 2.5-5 
cm soil depths in different microhabitats before spikelet dispersal and seedling 
recruitment (April 3, 1997). Within columns, values with different letters are 
significantly different (P < 0.05). 
Chrysopogon aucheri Cymbopogon jwarancusa 
Microhabitat* 0-2.5 cm 2.5-5 cm 0-2.5 cm 2.5-5 cm 
Cy canopy 11 b 0a 277 a 35 a 
Ch canopy 91 a 4a 124 ab 7a 
Cy dead center 0.7 b 0.3 a 214 a 7a 
Ch dead center 120 a 0.3 a 112 ab 2a 
Art canopy 13 b 1 a 153 ac 0.3 a 
Gravel interspace 0.3 b 0.3 a 13 b 1 a 
Soil interspace 0.3 b 0a 38 be 2a 
* Abbre viations for microhabitats in Tables 8, 9, and 10 are : Cy= Cymbopogon 
jwaran c,,sa, Ch= Chrysopogon aucheri, Art= Artemisia maritima . 
Hygroscopic awns and forwardly directed antrorse bristles help seed drilling and 
lodging into cracks and other microsites (Stebbins 1974; Peart 1979) . Excision .of 
hygroscopically active awns from dispersal units of six grass species significantly 
54 
reduced their ability to lodge (Peart 1979). Hairs on dispersal units can also function 
both as drag and guide parachutes during dispersal from parent plants (Rabinowitz & 
Rapp 1981) but awns and hairs on dispersal units do not apparently play a role in seed 
movement on the soil surface (Peart 1979). However, such dispersal units may have 
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Table 9. Mean number of Chrysopogon aucheri and Cymbopogonjwarancusa 
spikelets /m2 (back transformed from arcsine-transformed analyses) at 0-2.5 and 2.5-5.0 
cm soil depths in different microhabitats after seedling recruitment and spikelet 
dispersal (July 15, 1997). Within columns, values with different letters are significantly 
different (P < 0.05). 
Chrysopogon aucheri Cymbopogon jwarancusa 
Microhabitat 0-2 .5 cm 2.5-5 cm 0-2.5 cm 2.5-5 cm 
Cy canopy 98 ab 7a 732 a 38 a 
Ch canopy 208 ab 28 a 337 b 32 a 
Cy dead center 77 b 18 a 368 ab 40 a 
Ch dead center 249 a 23 a 360 ab 33 a 
Art canopy 167 ab 46 a 488 ab 42 a 
Gravel interspace 63 b 1 a 187 b 23 a 
Soil interspace 89 ab 4a 278 b 30 a 
greater dispersal chances with animal bodies by entangling in their fur, wool , or coat 
hair (Ernst , Veenendaal & Kebakile 1992). Chrysopogon aucheri has better entrapment 
characteristics in cracks than Cymbopogon jwarancusa due to its more pointed callus 
(personal observation) ; however , Peart ( 1979) did not observe any significant effect of 
callus removal from six grass species on orientation and position for germination . 
Entire racemes and partial inflorescences of Cymbopogon jwarancusa have 
greater mass than paired and triplet spikelets of Cymbopogon jwaranusa and 
Chrysopogon aucheri, respectively. This higher mass can increase wing loading and 
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Table 10. Mean number of Chrysopogon aucheri and Cymbopogon jwarancusa 
spikelets /m2 (back transformed from arcsine-transformed analyses) at 0-2.5 and 2.5-5 
cm soil depths in different microhabitats near the end of the growing season (September 
2, 1997). Within columns, values with different letters are significantly different (P < 
0.05). 
Chrysopogon aucheri Cymbopogon jwarancusa 
Microhabitat 0-2.5 cm 2.5-5 cm 0-2.5 cm 2.5-5 cm 
Cy canopy 81 a 9a 299 a 44 a 
Ch canopy 69 a 10 a 173 ab 13 a 
Cy dead center 19 a 15 a 129 ab 2a 
Ch dead center 99 a 8a 162 ab 19 a 
Art canopy 110 a 14 a 350 a 33 a 
Gravel interspace 53 a 6a 46 b 14 a 
Soil interspace 38 a 5 a 74 b 24 a 
reduce the dispersal distance by wind (Ernst, Veenedaal & Kebakile 1992). 
Cymbopogon jwarancusa dispersal units had less eccentricity (length:width ratio) than 
Chrysopogon aucherei, and this may affect their horizontal movement on the soil 
surface. Chambers, MacMahon & Haefner (1991) observed that length:width ratio of 
different forb and grass species was highly correlated with entrapment characteristics at 
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smaller soil particle sizes. However, no single seed attribute determines dispersal 
characteristics. A combination of different attributes of dispersal units determines the 
behavior of seed movement, entrapment, and germination (Rabinowitz & Rapp 1981 ). 
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Cymbopogon jwarancusa has the potential to produce more filled and viable seeds 
than Chrysopogon aucheri. Chrysopogon aucheri seems less tolerant to environmental 
stresses, particularly water stress during the seed-setting period. In 1996, Chrysopogon 
aucheri had more unfilled caryopses and fewer viable, filled caryopses than in 1997, 
when higher amounts of precipitation were more favorably distributed during flowering 
and seed-set periods. Seed fill and viability data for Chrysopogon aucheri and 
Cymbopogon jwarancusa confirm previous research findings (Ahmed, Hussain & 
Hussain, 1978; Hussain, Hussain & Ahmed, 1980; Saleem 1990) . All of these 
researchers reported lower seed fill and viability for Chrysopogon aucheri compared to 
Cy mbopogonjwarancusa . However , differences in viability of Chrysopogon aucheri 
and Cymbopogon jwarancusa seeds in different studies may be due to environmental 
variability, collection of seeds from different areas, and/or collection of seeds at 
different times during the growing season, i.e., late spring/early summer (normal seed 
dispersal period) or early fall (after monsoon rains). 
Both species contain male (sterile) spikelets and bisexual (fertile) spikelets ; 
however, the proportion of sterile spikelets is higher in Chrysopogon aucheri plants. 
High sterility of Chrysopogon aucheri may be another reason for its lower percentage of 
filled and viable seeds (Hussain, Hussain & Ahmad, 1980). High viable seed 
production of Cymbopogonjwarancusa may increase its regeneration ability under 
variable environmental conditions in the arid grasslands of upland Balochistan. 
PHASE I DISPERSAL INTO THREE 
MAJOR MICROHABIT A TS 
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For each species, higher densities of spikelets fell beneath conspecific canopies 
than either under the other species' canopies or in the interspaces. Cymbopogon 
jwarancusa spikelet fall was more dense in all microhabitats. This is probably related to 
the higher percent cover and higher spikelet production per plant than of Chrysopogon 
aucheri. 
The lower densities of spikelets in interspaces is related to distance from the 
parent plant and abiotic factors during seed dispersal. Most species dispersed by wind 
and gravity distribute seeds under or near the parent plants, as in the case of 
Chrysopogon aucheri and Cymbopogonjwarancusa (Willson 1993; Chambers & 
MacMahon 1994; Russell & Schupp 1998). However, because of the oveiwhelming 
abundance of open gravel interspaces (70 %), most spikelets still fall into open 
interspaces. Relative abundance of a particular microhabitat can also affect the initial 
seed fall densities (Russell & Schupp 1998). Grasses mostly have a spatially patchy 
seed distribution, and this patchiness influences lateral seed movement, seed 
entrapment, soil seed bank reserves, and seedling recruitment and establishment 
(Rabinowitz & Rapp 1980; Chambers & MacMahon 1994). 
PHASE I AND PHASE II DISPERSAL 
Chrysopogon aucheri and Cymbopogon jwarancusa disperse their dispersal 
units immediately after maturity, mostly in mid-June, and continue for 2 to 3 weeks, 
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depending upon the wind and other environmental conditions such as rainfall. The use 
of cheesecloth on the soil surface made it possible to exactly quantify the spatial 
patterns of Phase I dispersal. Cymbopogon jwarancusa and Chrysopogon aucheri 
dispersal units were trapped and retained on the cheesecloth where they initially fell 
from the parent plants. Without such an entrapment device, dispersal units may move 
toward or away from the parent plants, depending on wind directions. However, many 
seed dispersal studies do not consider this factor (Watkinson 1978; Carey & Watkinson 
1993), and may not fully account for Phase I patterns from parent plants. 
Overall , Cymbopogonjwarancusa spikelets moved farther from the edges of the 
basal crown of parent plants than Chrysopogon aucheri spikelets. The addition of 
fluorescent powder increased the mass of Cymbopogon jwarancusa and Chrysopogon 
aucheri spikelets by 6% and 5%, respectively, and probably had only a negligible effect 
on dispersal. Cymbopogon jwarancusa paired spikelets are heavier than Chrysopogon 
aucheri triplet spikelets, whereas other morphological characteristics of both species are 
similar. Cymbopogon jwarancusa paired spikelets and partial racemes moved farther . 
from the edges of the basal crown of parent plants compared to entire racemes and 
partial inflorescences. The low mean dispersal distance of entire racemes and partial 
inflorescences is related to their heavy mass. Cymbopogon jwarancusa plants are 
slightly taller ( 46 cm) than Chrysopogon aucheri plants ( 41 cm). The infructescence 
length for plants varies from 18 cm to 70 cm for Cymbopogonjwarancusa and 19 to 57 
cm for Chrysopogon aucheri plants. It is hard to exactly predict the role of plant height 
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in dispersal distance without marking individual seeds on each plant. Plant height 
appears to have contributed to a greater mean dispersal distance for paired spikelets and 
partial racemes of Cymbopogon jwarancusa due to higher wind velocities at the top of 
its plant canopies. Many studies note the importance of plant height in seed dispersal 
(Watkinson 1978; Carey & Watkinson 1993; Chambers & McMahon 1994). 
Cymbopogon jwarancusa and Chrysopogon aucheri spike lets were dispersed in 
all directions around parent plants. However, more spikelets were dispersed towards 
northeast and northwest directions roughly corresponding to prevailing winds ·. This 
dispersal pattern can influence spikelet distribution into different microhabitats. 
Mean Phase II dispersal distances of Cymbopogon jwarancusa and 
Chrysopogon aucheri were less than mean Phase I dispersal distances. Mean spikelet 
movements of both species from all locations were less than 32 cm from the initial 
placement location. Secondary redistribution of spikelets , or their horizontal and vertical 
movements on and in the soil, depends on dispersal unit morphological characteristics, 
physical forces, soil particle size, and animal activities (Sheldon 197 4; Sagars & 
Mortimer 1976 ; Chambers, MacMahon & Haefner, 1991; Johnson & Fryer 1992; 
Aguiar & Sala 1997). Both Cymbopogon jwarancusa and Chrysopogon aucheri have 
hygroscopic awns that may drill spikelets into the soil, increasing their chances for 
germination and seedling establishment (Stebbins 1971, 1974; Peart 1979, 1984; Stamp 
1984; Peart & Clifford, 1987; Pijl 1972). Stebbins (1971, 1974) also observed the 
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drilling function of hygroscopically active awns in Chrysopogon, but he did not mention 
the species name. 
Chrysopogon aucheri spike lets have larger awns than Cymbopogon jwarncusa 
spikelets. This resulted in a greater length:width ratio for Chrysopogon aucheri 
spikelets. Seed length:width ratio (Chambers & MacMahon 1994) and soil particle size 
(Chambers, MacMahon & Haefner, 1991) are also important factors influencing seed 
movement and seed entrapment. Although Chrysopogon aucheri spikelets have a 
greater length:width ratio, they also have a more pointed callus that may enhance 
entrapment into cracks and depressions. Spikelets of both species were trapped quickly 
in depressions, cracks, and gravel compared to partial racemes, entire racemes, and 
partial inflorescences of Cymbopogon jwarancusa (personal observation). Smaller 
seeds are entrapped quickly if the soil particles are larger than the seeds, whereas heavy 
seeds move less and remain stationary longer on rougher surfaces (Johnson & Fryer 
1992). 
Spike lets of both species redistributed randomly during Phase II movement on 
the ground surface and no association was detected between spikelet distribution and 
microhabitats. The gravel microhabitat trapped a higher proportion of spikelets of both 
species due to its hig'her proportional area than other microhabitats. Plant canopies were 
also good microhabitats for trapping spikelets due to the accumulation of some litter 
under the canopies. Soil interspaces trapped lower proportions of spikelets due to their 
lower proportional areas and absence of litter. Dead centers of Cymbopogon 
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jwarancusa and Chrysopogon aucheri had the lowest spikelet distribution during Phase 
II movement, and it appears that the accumulation of spikelets in these micro habitats 
mainly depends on Phase I dispersal patterns. Some other researchers (Watkinson 
1978; Augspurger & Franson 1988; Schupp 1995; Chambers & MacMahon 1994) have 
observed nonrandom and higher distribution of abiotically dispersed seeds in some 
microhabitat. Therefore, the densities of accumulated seeds in a particular 
microhabitats may influence other density-dependent processes like competition, 
predation, and herbivory (Russell & Schupp 1998). Only paired and triplet spikelets of 
Cymbopogonjwarancusa and Chrysopogon aucheri were used for this study. The 
dispersal patterns could differ for partial racemes , entire racemes , and partial 
inflorescences of Cymbopogon jwarancusa . 
Phase II dispersal findings for Cymbopogon jwarancusa and Chrysopog on 
aucheri emphasize the importance of quantifying both Phase I and Phase II dispersal 
studies for a better understanding of dispersal processes in plant communities 
(Chambers & MacMahon 1994; Aguiar & Sala 1997; Russell & Schupp 1998). Most 
wind seed-dispersal models ignore Phase II seed dispersal (Levin & Kerstner 1974; 
Green 1983; Green & Johnson 1989 a,b). From Phase II seed dispersal, it appears that 
wind plays a moderate role for the secondary movement of Cymbopogon jwarancusa 
and Chrysopogon aucheri spikelets . Surface flow from monsoon rains can result in 
greater Phase II dispersal for both species . 
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SPIKELET PREDATION 
Ants were the only major spikelet predator in the study area. Most of the ant 
mounds were located under Artemisia maritima canopies. Samples around the ant 
mounds after spikelet dispersal indicated higher densities of Chrysopogon aucheri 
spikelets than Cymbopogon jwarancusa spikelets at both depths. Ants buried the 
spikelets of both Cymbopogonjwarancusa and Chrysopogon aucheri at deeper depths 
than they naturally occur. Moreover, the buried spikelets of Chrysopogon aucheri were 
fragmented and the densities of buried spikelets differed from those in the soil seed 
bank . Ants removed the two outer sterile spikelets and left the middle, fertile spikelet of 
most of the Chrysopogon aucheri triplet spikelets . Seeds of other species, Poa bulbosa , 
Poa sinaica, Bromus japoni cus, Bromus danthoniae, and Anthem is cotula , were also 
found in the soi l samples . Seeds of these cool-season species are dispersed before those 
of Cymbopogonjwarancusa and Chrysopogon aucheri. Comparison of the ant mound 
and the seed bank data indicates that ants have some preference for Chrysopogon 
aucheri spikelets over Cymbopogon jwarancusa spikelets. Different factors can 
influence ant preference, like nutrient content and the presence or absence of toxic 
compounds (Hobbs 1985). Cymbopogonjwarancusa plants contain piperitone (West 
Pakistan Forest Department 1960) but it is unknown if this compound is in the seeds . 
This secondary compound produces an unpleasant smell, and is known to reduce 
grazing by large herbivores. Cymbopogon jwarancusa caryopses are also smaller than 
Chrysopogon aucheri caryopses and may provide less energy to ants. The absence of 
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bird and rodent predation may be related to seed structure and nutrient content. 
Generally, birds avoid seeds with awns (Mares & Rosenzweig 1978). Seed removal 
studies of ants, birds, and mammals in the Sonoran Desert of North America and Monte 
Desert of South America indicate that seed predation by birds was not prominent at 
either place (Mares & Rosenzweig 1978). Similarly, Hobbs (1985) observed that 
harvester ants ( Veromessor andrei) were major seed predators on annual grasslands in 
California. 
Ant predation does appear to limit the recruitment of Chrysopogon aucheri but 
not Cymbopogon jwarancusa because Cymbopogon jwarancusa spike lets in ant 
mounds were not fragmented and contained caryopses . Moreover , ants are playing a 
more secondary dispersal role for Cymbopogon jwarancusa by incorporating spikelets 
in soil seed bank . Ants may increase the regeneration of Cymbopogonjwarancusa in 
grasslands of upland Balochistan by increasing seed dispersal distances (Westaby & 
Rice 1981 ), burying seeds to avoid further predation (Shea, McCormick & Portlock, 
1979; Heithus 1981 ), and placing seeds in more favorable microsites for better seedling 
establishment (Beattie & Culver 1982). 
SOIL SEED BANK 
The size of the seed (spikelet) bank varied greatly with sampling period . 
Minimum and maximum densities were recorded in all microhabitats before seedling 
recruitment and spikelet dispersal and after fresh spikelet rain, respectively . Plant 
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canopies captured and retained greater densities of spikelets than open micro habitats. 
This initial pattern of spikelet arrival was also confirmed from the Phase I dispersal into 
three major microhabitats. Dead centers of Cymbopogonjwarancusa and Chrysopogon 
aucheri plants also contained higher densities of their own spikelets. The accumulation 
of Cymbopogon jwarancusa and Chrysopogon aucheri spikelets in their dead centers is 
primarily related to Phase I dispersal, proximity of plants, and the diameter of the plant, 
rather than Phase II dispersal. The rings of live plants surrounding the dead centers 
probably also blocked the wind and trapped spikelets before they entered the dead 
centers via Phase II dispersal. Although the gravel microhabitat trapped relatively 
higher proportions of spikelets of each species during Phase II dispersal due to its higher 
proportional area, the soil spikelet density data do not correlate with the Phase II 
dispersal data . These differences may be either due to different sampling locations, 
locating the sampling points without reference to distance from the parent plants, or 
redistribution of spikelets on ground surface over a longer period of time by wind, 
water, or animals. Aguiar & Sala (1997) observed that bare areas contained seeds of 
Bromus pictus if these areas were located less than 10 cm to a plant or litter 
accumulation . 
The soil seed bank is a function of seed morphology, roughness of the ground, 
seed production, seed dispersal, insect and small mammals activities, and rain intensity 
and frequency (Grime 1979; Collins & Uno 1985; Kjellsson 1985; Peco 1989; Peart 
1989). Morphologically, both species have similar structures ( e.g., hygroscopic awns) 
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that should enhance the drilling of seeds into the soil (Peart 1979; Peart & Clifford 
1987; Stebbins 1971, 1974). Vertical movement of seeds is important for potential seed 
germination (Watkinson 1978; Willems & Huijsmaus 1994). Single spikelets of both 
species were quickly trapped in depressions, cracks , and gravel compared to partial 
racemes, entire racemes, and partial inflorescences of Cymbopogon jwarancusa 
(personal observation). The partial raceme, entire raceme, and partial inflorescence of 
Cymbopogonjwarancusa have greater chances of horizontal movement on the ground 
and have fewer chances for input into the soil seed bank due to their larger and heavier 
dispersal units (Johnson & Fryer 199.2; Chambers, MacMahon & Haefner 1991). 
Eccentricity (length:width ratio) can also influence seed movement, entrapment , and 
input into the soil seed bank. Dispersal units with lesser eccentricity ratios, like 
Cymbopogon jwarancusa single racemes, partial racemes, and partial inflorescences, 
have lower chances of soil entrapment. Plant canopies and their dead centers retained 
more seeds in all sampling periods, possibly due to the accumulation of more litter and 
organic matter than bare interspace surfaces (Watkinson 1978; Stamp 1989; Chambers 
& MacMahon 1994; Aguiar & Sala 1997; Russell & Schupp 1998). Some other 
researchers have also reported a higher accumulation of seeds under plant canopies than 
open interspaces (Reichman 1984; Aguiar & Sala 1997; Russell & Schupp 1998). 
Greater spikelet production by Cymbopogon jwarancusa contributed to its higher soil 
seed bank reserves at all sampling times . 
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Wind was the primary agent for horizontal or vertical movement of spikelets . 
However, from Phase II dispersal it was clear that wind did not move spikelets a great 
distance, and may have had a limited role in soil seed bank dynamics except for 
microhabitat redistribution . Monsoon precipitation after seed dispersal may also 
influence horizontal and vertical movement of spikelets and the soil seed bank 
dynamics of both species. Precipitation intensity and duration can alter the surface 
characteristics and seed input into soil seed bank (Sheldon 1974). However, the 
probability of occurrence of such monsoon rains at the field site is very low (Rees et al. 
1989). 
Most of the Cymbopogon jwarancusa and Chrysopogon aucheri spike lets were 
found in the upper 0-2 .5 cm soil layer, as with other seed-bank studies (Johnson & 
Anderson 1986; Graham & Hutchings 1988) . The viability of Cymbopogon 
j warancusa and Chrysopogon aucheri caryopses was low (8 % and 6%, respectively) 
before emergence compared to the viability of caryopses after fresh spikelet rain (27 % 
and 22 %, respectively). Persistent and transient seed banks play a vital role in species 
recovery after disturbances (Grime 1981 ). However, in the case of Cymbopogon 
jw arancusa and Chrysopogon aucheri, it is hard to predict the persistence of the soil 
seed bank because the first soil sampling was performed before germination and 
seedling recruitment. According to other researchers (Thompson & Grime 1979; 
Kinucan & Smeins 1992), soil samples should be collected after emergence but before 
new seed rain to determine the proportion of the per sistent seed bank. Perennial 
grasses, however, mostly have a transient rather than a persistent soil seed bank 
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(Kinucan & Smeins 1992). The low persistent seed bank of grasses has been related to 
their quick germination after dispersal under appropriate soil moisture and temperature 
conditions, and their short dormancy period and low viability (Grime et al. 1981; Howe 
& Chancellor 1983; Williams 1984; Roberts 1986). Soil seed bank data for 
Cymbopogon jwarancusa and Chrysopogon aucheri indicate that both species retained 
some viable seeds in the soil for future seedling germination and establishment. The role 
of the soil seed bank in seedling establishment is discussed in Chapter III. 
In summary, when compared to Chrysopogon aucheri, Cymbopogonjwarancusa 
produces more viable seeds per plant, disperses spikelets farther from parent plants, has 
greater soil seed reserves across all microhabitats, and has lower spikelet predation by 
ants. This combination of factors may lead to its higher regeneration potential under 
variable environmental conditions in the arid grasslands of upland Balochistan. 
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CHAPTER III 
EFFECTS OF PRECIPITATION A.~D SEEDBED MICRO HABITAT ON 
SEEDLING RECRUITMENT OF CHRYSOPOGON AUCHERI AND 
CYMBOPOGONJWARANCUSAINVPLAND 
BALOCHIST AN, PAKIST AN2 
Summary 
1. The effects of microhabitats, soil seed bank, and precipitation regimes on the 
germination and establishment of Chrysopogon aucheri and Cymbopogon jwarancusa 
were evaluated at an arid grassland site in upland Balochistan, Pakistan. 
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2. Seven microhabitats evaluated for seedling establishment were: under the canopy of 
Chrysopogon aucheri plants, under the canopy of Cymbopogonjwarancusa plants, dead 
centers of Chrysopogon aucheri plants, dead centers of Cymbopogonjwarancusa plants , 
under the canopy of Artemisia maritima plants, gravel interspaces between plants , and 
soil interspaces between plants . Seedling emergence and establishment were evaluated 
under the natural precipitation regime of the 1997 growing season and a simulated, 
above-normal precipitation regime (1983 growing season). Soil moisture and soil 
temperature data were recorded during the entire growing season . 
3. Above-normal precipitation increased the density of emerged seedlings for both 
species in all microhabitats . Cymbopogon jwarancusa had higher seedling densities than 
2Coauthored by S. Ahmad, C.A. Call, and E.W. Schupp. 
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Chrysopogon aucheri. Monsoon rains in late July 1997 enhanced emergence of both 
spec ies from recently dispersed seeds. 
4. In the natural precipitation treatment, gravel microhabitats had the highest 
proportional seedling survival for both species . The above-normal precipitation 
treatment did not enhance seedling survival of either species . Seedlings of both species 
emerged after monsoon rains but did not survive to the end of the growing season . 
Gravel interspaces were suitable microhabitats for seedling development, possibly due 
to the vertical entrapment of dispersal units and reduced competition from more distant , 
established plants . 
5. Above-normal precipitation did not have a significant effect on tiller development for 
either species . Cymbopogonjwarancusa seedlings developed more tillers per plant than 
Chrysopogon aucheri seedlings. 
Introduction 
Plant establishment by seedling recruitment, the dominant type of regeneration 
for most grass species in rangeland environments, is only successful when plant 
requirements for seed germination, seedling establishment, and subsequent growth are 
matched with the microenvironmental factors of the seedbed (Grubb 1977; Harper 
1977). Safe sites, or favorable microsites of a particular growing area, rather than total 
number of available seeds often determine the potential of seedling recruitment (Harper, 
Williams & Sagar 1965; Young 1988). Favorable water and temperature conditions for 
germination and establishment on or near the surface are associated with surface-soil 
rnicrotopological features such as cracks, depressions, rocks/gravel, plant litter , and 
proximity to neighboring vegetation (Harper, Williams & Sagar 1965; Harper 1977; 
Fowler 1988; Chambers, MacMahon & Brown, 1990). Different microsites can also 
differ in terms of nutrient availability, seed predators, and pathogens (Augspurger 
1983; Schupp 1988; Schupp & Forst 1989), which can also affect germination and 
establishment (Schupp 1995). 
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A few detailed studies have determined the types of microsites and 
environmental conditions that are necessary for germination and establishment of a 
limited number of species on semiarid grasslands (Evans & Young 1987; Fowler 1988; 
Winkel, Roundy & Cox, 1991). A recent study has investigated the influence of gap 
disturbances and types of microsites on the establishment of a dominant grass species in 
a semiarid grassland (Aguilera & Lauenroth 1995). No such studies have been 
conducted for Cymbopogon jwarancusa and Chrysopogon aucheri, the dominant grass 
species in upland Balochistan. Only one greenhouse study has described the 
germination and seedling development of Chrysopogon aucheri and Cymbopogon 
jwarancusa (Saleem 1990), but this information is not readily applicable to the variable 
environmental conditions found in the field. Therefore, additional field studies are 
required to determine the role of seedbed microsites in the seedling recruitment of these 
grass species. The objective of this field study was to determine how different 
micro habitats and precipitation regimes influence the recruitment of Chrysopogon 
aucheri and Cymbopogonjwarancusa seedlings from -the soil seed bank in a 
representative Chrysopogon-Cymbopogon grassland in upland Balochistar. . 
Materials and methods 
FIELD SITE DESCRIPTION 
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The study was conducted at the Chiltan National Park, Hazargangi, located 
about 38 km south of Quetta , Balochistan. This area has been protected from grazing 
since 1964. Cymbopogonjwarancusa and Chrysopogon aucheri are the major perennial 
grasses of the area. Some other major plant communities include an Artemisia 
maritima community, an Artemisia-Poa-Taeniantherum community , a Bromus-Prunus 
community, and an Artemisia-Sophora community (Marwat, Nisar & Hussain 1992) . 
The field site has a Mediterranean climate, with a mean annual precipitation of 
250 mm . Rains occur mostly in winter, from November to March. Monsoon rains 
occur rarely in July and August. In winter, the air temperature drops below O 0 C. 
Yearly mean minimum and maximum air temperatures at the site are -7 °C and 38 °C, 
respectively. Soils of the area are sandy to sandy-loam in texture, with a pH of 8.2 to 
8.5 (Marwat, Nisar & Hussain 1992) . Bare surfaces are mostly occupied by rocks and 
gravel. 
SEEDLING RECRUITMENT 
The seedling establishment study was conducted next to the seed dispersal and 
seed predation transects (Chapter II). The experimental site was selected on the basis of 
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uniform slopes, composition of vegetation, good distribution of both Cymbopogon 
jwnmncusa and Chrysopogon aucheri species throughout the site, and presence of 
seven major microhabitats (Cymbopogonjwarancusa plants, Chrysopogon aucheri 
plants, dead centers of Cymbopogon jwarancusa plants, dead centers of Chrysopogon 
aucheri plants, Artemisia maritima plants, gravel interspaces between plants, and soil 
interspaces between plants). The starting point and direction of a sampling transect was 
selected so that the sampled area would be as homogeneous as possible. 
The seven microhabitats described above were evaluated for their potent ial m 
the recruitment of Chrysopogon aucheri and Cymbopogon jwarancusa seedlings from 
the soil seed bank. Recruitment of Cymbopogon jwarancusa and Chrysopogon aucheri 
seedlings in upland Balochistan depends not only on the presence of seeds and of 
favorable microhabitats, but also presumably on the occurrence of adequate rainfall , 
particularly in the spring . Long-term climatic data show that the probability of 
occurrence of adequate rainfall in spring is likely very low (Rees et al. 1989). To 
evaluate the importance of precipitation in the recruitment of both species , an above- . 
normal spring precipitation treatment (irrigated) was simulated with a sprinkl er system 
in addition to the natural spring precipitation treatment ( control) that occurred in 1997. 
Above-normal precipitation for April and May 1997 was patterned after the 
precipitation regime during April (148 mm) and May (29 mm) 1983 at the Summungli 
station, about 40 km from the field site. The amount of supplemental water applied was 
determined by subtracting the current precipitation (1997) from the above-normal 
80 
precipitation (1983) for each week. Rainfall at the site was measured with an automatic 
rain guge . Emerged seedlings in the above-nonnal precipitation treatment were exposed 
to ambient precipitation for the remainder of the 1997 growing season . 
The 300-m transect established in March 1997 for soil seed bank sampling 
(Chapter II) was also used for this study of seedling establishment. Experimental plots 
were established along the transect up to the 240-m point. Sixteen points, 15 m apart, 
were marked on this transect line and paired 5 x 5 m plots were established at each 
point. Plots in a pair were 10 m apart, one 5 m on each side of the transect line. 
Precipitation treatments (natural or above-normal) were randomly assigned to plots in a 
pair. Ten points on the transect were used for evaluating seedling emergence, survival, 
and development in different microhabitats, three for measuring soil moisture content, 
and three for measuring soil temperature . 
A 1 x 1 m quadrat that had been subdivided into grid with 20 x 20 cm cells was 
used to determine the relative abundance of different microhabitats in each 5 x 5 m plot. 
Soil samples for each microhabitat were analyzed for soil textural class, pH, organic 
matter , nitrogen, phosphorus, and potassium. One soil sample was taken from each 
microhabitat in three soil temperature plots at a depth of 0-15 cm, and included litter or 
gravel. Soil textural classes were determined with the hydrometric method (Bouyoucos 
1962). Organic materials were analyzed by the chromic acid oxidation method 
(Schollenberger 1927). Soil pH levels were determined with a pH meter (McKeague 
1978). Nitrogen, phosphorus, and potassium contents in soil samples were determined 
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by the Kjeldahl method (Tan 1996), Olsen method (Olsen et al. 1954) and by flame 
photometer spectroscopy (McKeague 1978), respectively. Gravel particles in the gravd 
interspace microhabitats were categorized into four common diameter sizes ( 1.1, 1.8, 
3.1, and 4.2 cm). 
Seedling emergence was first recorded on May 5, 1997. Within experimental 
plots, seedlings were located using a 1 x 1 m quadrat that had been subdivided into a 
grid with 20 x 20 cm cells . Each emerged seedling was marked with a nail. Seedling 
emergence , survival, and development were recorded at 2-week intervals through 
August 1997. The number and height of tillers were monitored for each developing 
seedling . Seedling emergence and survival after monsoon rains at the end of July 1997 
were recorded in natural precipitation plots . 
Soil water content was measured by the gravimetric method (Gordon , McMahon 
& Finlayson 1992) over the 1997 season in three natural and thre~ above-normal 
precipitation plots . Soil cores were extracted at two depths (0-2 .5 cm, 5-10 cm). Soil 
samples were collected 24 hours after supplemental irrigation treatments in April, May, 
and early, mid, and late June, and at the end of July after monsoon rains. 
Soil temperatures were measured in the remaining three natural and three above-
. 
normal precipitation plots using thermocouples attached to a hand-held digital 
thermometer. Thermocouples were placed at depths of2.5 cm and 10 cm in each 
microhabitat in each plot. Soil temperatures were measured after each supplemental 
irrigation at 800 hours and 1400 hours, and then at 15-day intervals up to the end of July 
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1997. Climatic data were collected from an automatic weather station at the field site 
over the course of experiment. 
DAT A ANALYSIS 
Emerged seedlings and survived seedlings at the end of the season of each 
species in each plot were converted into a density /m2 value by dividing the number of 
seedlings by the area (m2) occupied by each microhabitat in each plot. Seedling 
emergence data for both species in spring and after monsoon rains, and number of 
survived seedling data for both species (from the spring germination period) at the end 
of the 1997 growing season did not meet the assumptions of normality for parametric 
analysis. Therefore, data for emergence density, both in the spring and after monsoon 
rains, and density of surviving spring seedlings were analyzed with nonparametric tests. 
In order to determine the microhabitat effect on seedling density , data were analyzed 
separately with and without supplemental precipitation using Friedman's test (Friedman 
1937). The large sample approximation was used for these analyses , and multiple 
comparisons among microhabitats were determined with Conover's test (Conover 1980) 
at the 0.05 significance level. The significance level for microhabitats was evaluated 
according to the sequential Bonferroni technique (Rice 1989) for both species to 
increase the power for detecting more than one false null hypothesis. A significance 
level of 0.05 was selected. P-values for microhabitats of both species in natural and 
above-normal precipitation analyses were arranged in an ascending order. The selected 
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significance level (0.05) was divided by 4 (total number of analyses performed for both 
species) . The resulting value was first compared with the smallest P-value of 
microhabitats. If the P-value was smaller than the resulting value, the microhabitats 
were considered to have a significant influence on seedlings emergence. The 
significance level (0.05) was then divided by 3 and 2, and the resulting values were 
compared with their respective P-values of microhabitats . The same procedure was 
followed for all sequential Bonferroni adjustment analyses but depends on the total 
number of analyses performed. Friedman tests were computed using the rank and GLM 
procedures in SAS Release 6.12 (SAS Institute Inc. 1996). 
Effects of precipitation treatment (natural vs . above-normal) on seedling density 
in the spring , effects of emergence season (spring vs. monsoon emergence) on seedling 
density, and effects of precipitation treatments (natural vs. above-normal) on the density 
of survived seedlings at the end of the season were assessed with the Wilcoxon Signed 
Rank Test using SYSTAT release 7.0 (Wilkinson 1997). A separate analysis was run 
for each species . The level of significance was adjusted for two tests for each analysis 
according to the sequential Bonferroni technique (Rice 1989). 
Differences among micro habitats in the proportion of seedlings that survived to 
the end of the first growing season were assessed either with a Monte Carlo estimation , 
or in the case of small sample sizes with exact P-values for a chi square test. Each 
species in each precipitation treatment was analyzed separately. The exact P-values for 
a chi square test or the Monte Carlo estimation of an exact test for unordered R x C 
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contigency tables was performed using StatXact 3 for windows (Mehta & Patel 1995). 
Microhabitats were defined as row variables and the seedling fates were defined as 
column variables; numbers of seedlings that survived or died in each microhabitat were 
the cell values. The significance level was adjusted for a total of four tests according to 
sequential Bonferroni technique (Rice 1989). The effect of precipitation treatment on 
the proportion of seedlings that survived to the end of the first growing season for each 
seedling type and each microhabitat was assessed separately by exact P-values for a chi 
square test (Metha & Patel 1995). Precipitation treatments were defined as row 
variables and the seedling fates were defined as column variables, and the numbers of 
seedlings that survived or died in each microhabitat were the cell values. Microhabitats 
with no emergence or survival were not included in the analysis . Significance level was 
adjusted for a total of nine tests of both species according to the sequential Bonferroni 
technique (Rice 1989). Differences in the proportion of survived seedlings for each 
species in natural and above-normal precipitation treatments were assessed by the 
Wilcoxon Signed Rank Test using SYSTAT release 7.0 (Wilkinson 1997) after 
adjusting the significance level (Rice 1989). 
Tiller development (number of tillers per plant) for surviving seedlings of 
Cymbopogon jwarancusa was compared across three microhabitats ( Cymbopogon 
jwarancusa canopies, gravel interspaces, and soil interspaces) in separate analyses for 
natural and above-normal precipitation plots with exact P-values for a chi square test. 
Significance level was adjusted for a total two tests (Rice 1989). The effect of natural 
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and above-normal precipitation on the number of tillers was also assessed by exact P-
values for a chi square test by lumping ali three microhabitats. Precipitation treatments 
were defined as row variables and tiller number class ( one tiller vs. more than one tiller) 
were defined as column variables. Chrysopogon aucheri seedlings did not have more 
than one tiller in any microhabitat in either precipitation treatment; therefore, 
Chrysopogon aucheri seedlings were not included in the tiller analysis. 
The effect of precipitation treatments on the height of surviving Cymbopogon 
jwarancusa seedlings in the gravel microhabitat was evaluated using a one-way analysis 
of variance in a randomized block design with subsamples ; numbers of seedlings 
surviving in other microhabitats were too small for anything except descriptive 
statistics . Plant height values were log-transformed prior to analysis to improve the 
distributional properties of the data . Data were analyzed using PROC MIXED in SAS 
Release 6.12 (SAS Institute Inc. 1996). Plant height data for surviving Chrysopogon 
aucheri seedlings could not be statistically analyzed due to very low seedling numbers . 
Therefore, the plant height data of surviving Chrysopogon aucheri seedlings were also 
assessed using descriptive statistics. 
Soil moisture data were analyzed separately for each sampling time . The 
experimental design was a three-way factorial in a split-split plot design. The whole 
plot factor was precipitation treatment and the whole plot experimental units were the 
plots . The subplot factor was microhabitat and subplot experimental units were cores 
within each plot. The subplot factor was depth and the sub-subplot experimental units 
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were positions within each core. Data were arcsine-square root transformed to improve 
distribution properties. Tukey's multiple comparison test \Vas performed to check 
moisture differences among different microhabitats. Data were analyzed using Proc 
Mixed procedures in SAS Release 6.12 (SAS Institute Inc. 1996). 
Soil temperature data were analyzed separately for each sampling time. The 
experimental design was a four-way factorial in a split-split-split plot design. The four 
factors were precipitation treatment, microhabitat, depth, and time of day. Plots were 
the whole plot experimental units, locations within each plot were the subplot 
experimental units, depth positions at each location were sub-subplot experimental 
units, and repeated measurements at each position were the sub-sub-subplot 
experimental units. Tukey's multiple comparison test was performed to check 
temperature differences among different microhabitats . Data were analyzed using Proc 
Mixed procedures in SAS Release 6.12 (SAS Institute Inc. 1996). 
Results 
The 1997 growing season had comparatively favorable rainfall, receiving both 
spring and monsoon rains (Fig. 8). A total of75.9 mm and 16 mm of precipitation was 
received during April and May, respectively, the most important period for the 
I 
recruitment of Cymbopogonjwarancusa and Chrysopogon aucheri seedlings . Monsoon 
rains at the end of July (33 .8 mm) promoted the germination of recently dispersed seeds 
of both species. 
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Fig. 8. Weekly precipitation from April 1 (week 1) to August 30 (week 20) for 
the 1983 growing season, 1997 growing season, and the long-term (average over 
34 growing seasons). 
Soils in the seven microhabitats had similar physical and chemical characteristics 
(Table 11). All soils, including the soil under the gravel surface layer in the gravel 
interspace microhabitat, had a sandy clay loam texture. The diameter of the gravel 
particles in the gravel interspace microhabitat ranged from 1.1 to 4.2 cm. 
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Four typical periods (before spring seedling emergence, during spring seedling 
emergence, during the dry season after cessation of supplemental irrigation, and late 
Table 11. Soil characteristics in different microhabitats. 
Clay Silt Sand Textural pH Organic Nitrogen Phosphorus Potassium 
Microhabitat* (%) (%) (%) class matter(%) (%) (ppm) (mg/1) 
Cy canopy 20 20 60 Sandy 7.6 2.25 0.15 4.0 3.0 
clay loam 
Ch canopy 20 23 57 Sandy 7.3 1.97 0.07 4.7 2.9 
clay loam 
Cy dead 20 20 60 Sandy 8.4 2.44 0.04 5.8 2.9 
Center clay loam 
Ch dead 20 18 62 Sandy 7.4 2.96 0.14 5.5 2.3 
center clay loam 
Art canopy 20 23 57 Sandy 7.6 2.40 0.06 5.2 2.7 
clay loam 
Gravel 20 20 60 Sandy 8.2 2.13 0.17 4.8 4.2 
interspace clay loam 
Soil 20 24 56 Sandy 7.6 1.89 0.14 3.8 4.0 
interspace clay loam 
* Cy = Cymbopogon jwarancusa, Ch = Chrysopogon aucheri, Art.= Artemisia maritima 
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summer monsoon emergence) were picked to show soil moisture trends among different 
microhabitats and precipitation treatments (Figs. 9 to 13). Substrate moisture content 
was significantly higher in the above-normal precipitation treatment than in the natural 
precipitation treatment after the first irrigation (df= 1; F = 53.71; P = 0.0018) but not at 
any other date (df = 1; F = 0.20 - 3.80; all P > 0.1232) (Tables A.14 to A.17 and Fig. 9). 
There were no significant differences in moisture content among microhabitats ( df = 6; 
F = 0.29 - 1.62 ; all P > 0.1843) except for the May 7 sampling time when soil 
interspaces had significantly (df = 6; F = 0.010; P = 0.01) higher moisture contents than 
gravel interspaces (Tables A.14 to A. 17 and Fig.11 ). Differences between moisture 
contents at the two sampling depths were significant after the first irrigation ( df = 1; F = 
6.30; P = 0.0181) (Table A. 14 and Fig. 9), but not at any other time (df = 1; F = 0.00 -
4.44 ; all P > 0.441) . The precipitation treatment x depth interaction was significant only 
after monsoon rains (df= 1; F = 8.74; P = 0.0036), but not any other sampling time (df 
= 1; F = 0.01 - 2.80; all P > 0.1052) . No other interactions were significant for any 
sampling time (df = 6; F = 0.22 - 0.95; all P > 0.4757 for microhabitat x depth and df = 
6; F = 0.56 - 1.65; all P > 0.1702 for treatment x microhabitat x depth) (Tables A. 14 to 
A. 1 7). Means for the precipitation treatment x microhabitat x depth interaction were 
picked to show the moisture content trend among different microhabitats at different 
depths for each sampling time (Figs . 10 to 13). 
The same periods (before spring seedling emergence, during spring seedling 
emergence, during the dry season after cessation of supplemental irrigation , and late 
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Fig. 9. Percent moisture content at 0-2.5-cm and 5- 10-cm depths in natural 
(control) and above-normal (inigated) precipitation treatments (across all 
microhabitats) . Soil moisture content was significantly (P < 0.05) higher in 
(inigated) above-normal precipitation treatment after first supplemental water 
before seedling emergence on April 17, 1997. 
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Fig. 10. Percent moisture content at 0-2 .5-cm and 5-10-cm depths in natural 
(control) and above-normal (irrigated) precipitation treatments before spring 
emergence, April 17, 1997, in seven different microhabitats . Cy= Cymbopogon 
jwarancusa canopy, Ch = Chrysopogon aucheri canopy, Cyd = Cymbopogon 
jwarancusa dead center, Chd = Chrysopogon aucheri dead center, Art 
=Artemisia maritima canopy, Gr= gravel interspace, So = soil interspace . 
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Fig. 11. Percent moisture content at 0-2 .5-cm and 5-10-cm depths in natural 
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( control) and above-normal (irrigated) precipitation treatments during seedling 
emergence, May 7, 1997, in seven different microhabitats. Soil moisture content 
was significantly (P < 0.05) higher in soil interspaces than other microhabitats . 
See Fig . 10 for an explanation of microhabitat abbreviations . 
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Fig. 12. Percent moisture content at 0-2 .5-cm and 5-10-cm depths in natural 
( control) and above-normal (irrigated) precipitation treatments during the dry 
season after cessation of supplemental irrigation , June 30, 1997, in seven 
different microhabitats . See Fig . 10 for an explanation of microhabitat 
abbreviations . 
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Fig. 13. Percent moisture content at 0-2.5-cm and 5-10-cm depths in natural 
(control) and above-normal (irrigated) precipitation treatments during seedling 
emergence after monsoon rains, July 23, 1997, in seven different microhabitats . 
See Fig. 10 for an explanation of microhabitat abbreviations. 
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summer monsoon emergence) were picked to show the temperature trends among 
different microhabitats. Soil temperature was significantly lower in the above --normal 
precipitation plots than in the natural precipitation plots after the first supplemental 
irrigation (df= l; F = 25.15; P = 0.0074) but not any other time (df= 1; F = 0.06 - 4.25 ; 
all P > 0.1083) (Tables A.18 to A. 21). Sampling depth (df=l; F = 7.39; P < 0.05) and 
sampling time (df=l; F = 295.25 - 2833.39; all P < 0.05) were significant for all 
sampling dates (Tables A.18 to A. 21), whereas microhabitat (df = 6; F = 4.66; P = 
0.0028) was significant only after the first supplemental irrigation and after monsoon 
rains (df= 6; F = 5.23; P = 0.0014) but not at any other time (df= 6; F = 1.72 - 1.95; all 
P > 0.1134) (Table A. 18 to A. 21). Treatment x time (df= l; F = 14.88 - 31.77; all P < 
0.05) and microhabitat x time (df = 1; F = 3.92- 5.09; all P < 0.05) interactions were 
significant for all sampling periods (Tables A.18 to A. 21). The depth x time interaction 
was significant only during the spring seedling emergence period and during the dry 
season after cessation of supplemental irrigation (df= I; F = 4.05 - 22.36; all; P < 0.05) 
but not at any other time (df= l; F = 0.82 - 0.84; P > 0.05) (Tables A. 18 to A. 21). 
Three-way and four-way interactions were not significant for all four representative 
sampling times (df= l; F = 0.01 - 0.21; all P > 0.6457 for treatment x depth x time ; df= 
6; F = 0.10 - 1.32; all P > 0.2642 for microhabitat x depth x time; and df = 6; F = 0.14 -
0.80 ; all P > 0.5758 for treatment x microhabitat x depth x time) (Tables A.18 to A. 21 ). 
Means for the microhabitat x time interaction were picked to show the soil temperature 
trends among different microhabitats for each sampling time (Figs. 14 to 17). All 
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Fig. 14. Morning (0800 hours) and afternoon (1400 hours) temperatures before 
spring seedling emergence, April 17, 1997, in seven different microhabitats 
(across natural and above-normal precipitation treatments) . Soil temperature 
was significantly (P < 0.05) higher in gravel interspaces at 1400 hours than 
Cymbopogon jwarancusa and Chrysopogon aucheri plant canopies . See Fig . 10 
for an explanation of microhabitat abbreviations . 
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Fig. 15. Morning (0800 hours) and afternoon (1400 hours) temperatures during 
spring seedling emergence, May 7, 1997 , in seven different microhabitats 
(across natural and above-normal precipitation treatments). Soil temperature 
was significantly (P < 0.05) higher in gravel interspaces at 1400 hours than 
Chrysopogon aucheri and Artemisia maritima plant canopies. See Fig. l 0 for 
an explanation of micro habitat abbreviations . 
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Fig. 16. Morning (0800 hours) and afternoon ( 1400 hours) temperatures during 
the dry season after cessation of supplemental irrigations, June 30, 1997, in 
seven different microhabitats (across natural and above-normal precipitation 
treatments). Soil temperature was significantly (P < 0.05) higher in gravel 
interspaces at 1400 hours than Chrysopogon aucheri plant canopies. See Fig. 10 
for an explanation of micro habitat abbreviations . 
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Fig. 17. Morning (0800 hours) and afternoon (1400 hours) temperatures during 
seedling emergence after monsoon rains , July 30, 1997, in seven different 
microhabitats (across natural and above-normal precipitation treatments) . Soil 
temperature was significantly (P < 0 .05) higher in gravel interspaces at 1400 
hours than Cymbopogonjwarancusa, Chrysopogon aucheri plant canopies, and 
soil interspaces . See Fig. 10 for an explanation of micro habitat abbreviations . 
99 
100 
microhabitats on all dates had higher temperatures at 1400 hours than at 0800 hours. 
After the first irrigation, minimum temperatures were about 20 °C in all microhabitats, 
while maximum temperatures were about 22 °C under plant canopies and 26° in dead 
centers (Fig . 14). Gravel interspaces had significantly higher (P < 0.05) (26 °C) 
temperatures at 1400 hours than Cymbopogon jwarancusa and Chrysopogon aucheri 
plant canopies. By May 7, minimum temperatures ranged from 14 to 16 °C and 
max imum temperatures ranged from 24 to 27 °C (Fig . 15). Gravel interspaces had 
significantly higher (P < 0.05) temperatures at 1400 hours than Chrysopogon aucheri 
and Artemisia maritima canopies (Fig. 15). By June 30, diurnal temperatures were 
much higher in all microhabitats (Fig. 16); minimum temperatures were 34 to 37 °C 
and maximum temperatures ranged from 45 to 49 °C (Fig. 16). Gravel interspaces had 
significantly higher (P < 0.05) temperatures at 1400 hours than Chrysopogon aucheri 
plant canopies (Fig. 16). By July 30, minimum temperatures ranged from 34 to 37 °C, 
and maximum temperatures ranged from 45 to 49 °C in alt microhabitats . Gravel 
interspaces had significantly higher (P < 0.05) temperatures at 1400 hours than 
Cymbopogonjwarancusa, Chrysopogon aucheri plant canopies and soil interspaces 
(Fig. 17). 
The overall percent cover of different microhabitats in the seedling 
establishment plots were: (1) Cymbopogonjwarancusa plant canopies, 10.3%; (2) 
Chrysopogon aucheri plant canopies, 6%; (3) Cymbopogonjwarancusa dead centers, 
4.4%; ( 4) Chrysopogon aucheri dead centers, 0.6%; (5) Artemisia maritima plant 
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canopies, 3.3%; (6) gravel interspaces between plants, 70.3%; and (7) soil interspaces 
between plants. 5%. 
Densities of emerged seedlings of both species were significantly influenced by 
micro habitat type (df = 6; F = 3.54 -13.72; all P < 0.05) and precipitation treatment (P < 
0.05) in the spring (Tables A. 22 to A. 27). More specifically, densities of emerged 
seedlings of Cymbopogon jwarancusa were significantly higher under Cymbopogon 
jwarancusa canopies and in gravel and soil interspaces than in other microhabitats in 
the natural precipitation treatment (Fig. 18 a). Cymbopogon jwarancusa seedling 
emergence was higher in soil interspaces than in other microhabitats in the above-
normal precipitation treatment (Fig . 18 b ). Densities of emerged seedlings of 
Chrysopogon aucheri were significantly higher under Chrysopogon aucheri canopies 
and in gravel interspaces compared to other microhabitats in both natural precipitation 
and above-normal precipitation treatments (Fig. 19 a,b ). 
Microhabitat also had a significant influence on the densities of emerged 
seedlings for Cymbopogonjwarancusa and Chrysopogon aucheri after monsoon rains 
in late July (df= 6; F = 6.84 - 16.13; all P = 0.0001) (Tables A. 28 to A. 31 and Fig. 20 
a,b ). Seedling emergence for both species was significantly greater in soil interspaces 
than in all other microhabitats. Cymbopogon jwarancusa seedling emergence was 
generally lowest under canopies and in dead centers of Chrysopogon aucheri plants, 
while Chrysopogon aucheri seedling emergence was generally lowest under canopies 
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Fig. 18. Box plots showing the densities (seedlings /m2) of emerged seedlings of 
Cymbopogonjwarancusa in (a) the natural precipitation treatment and (b) the 
above-normal precipitation treatment in May 1997 . The horizontal line within 
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Fig. 19. Box plots showing the densities (seedlings /m2) of emerged seedlings of 
Chrysopogon aucheri in (a) the natural precipitation treatment and (b) the 
above-normal precipitation treatment in May 1997 . Microhabitats with different 
letters are significantly different (P < 0.05) . See Fig. 10 and Fig . 18 for an 
explanation of micro habitat abbreviations and details of box plots . 
N 
E 
-0) 
C 
"O 
Q) 
Q) 
(f) 
N 
E 
-en 0) 
C 
"O 
Q) 
Q) 
(f) 
140 104 
120 a 0 
100 
80 
60 0 
40 
l+ ~~~ 20 0 
b f bd e d d 
25 
b 
20 
15 
0 
10 
0 
c3fJi 5 0 ~ 
d b d de be bd a 
Cy Ch Cyd Chd Art Gr So 
Microhabitat 
Fig. 20. Box plots showing the densities (seedlings /m2) of emerged seedlings of 
(a) Cymbopogonjwarancusa and (b) Chrysopogon aucheri after monsoon rains 
at the end of July 1997. Y-axis represents different scales for each graph. 
Microhabitats with different letters are significantly different (P < 0.05). See 
Fig. 10 and Fig . 18 for an explanation of microhabitat abbreviations and details 
of box plots . 
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and in dead centers of Cymbopogon jwarancusa plants. Densities of emerged seedlings 
of both species were significantly (P < 0.05) higher in almost all micro habitats after 
monsoon rains than after spring rains (Table A. 31 and Figs 18 a,b, 19 a,b, 20 a,b ). 
However, none of the seedlings that emerged after monsoon rains survived until the end 
of the growing season in any of the microhabitats . 
In contrast, seedlings of both species that emerged after spring rains did survive 
until the end of the 1997 growing season in at least some microhabitats in both natural 
and above-normal precipitation treatments (Figs 21 and 22). Microhabitats had a 
significant influence on the density of surviving seedlings for Cymbopogon jwarancusa 
only in the natural precipitation treatment (above-normal, df= 5; F = 10.84 P = 0.0001) 
(Table A. 32 to A. 36). The density of surviving Cymbopogon jwarancusa seedlings 
was significantly greater in gravel interspaces than in other microhabitats in the natural 
precipitation treatment (Fig . 21 a). Densities of surviving Cymbopogon jwarancusa 
seedlings did not differ significantly among microhabitats in the above-normal 
precipitation treatment, although there appeared to be greater densities in soil and gravel 
interspaces than in other microhabitats (Fig . 21 b ). Few seedlings of Chrysopogon 
aucheri survived, and there were no significant differences in densities of surviving 
seedlings among microhabitats in either natural or above-normal precipitation 
treatments ( df = 6; F = 1.87 - 1.89; all P > 0.1784) (Fig. 22 a,b ). There were no 
significant differences (P > 0.05) between the natural precipitation treatment and above-
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Fig. 21. Box plots showing the densities (seedlings/m 2) of survived seedlings of 
Cymbopogon jwarancusa in (a) the natural precipitation treatment and (b) the 
above-normal precipitation treatment near the end of the growing season in 
September 1997. Y-axis represents different scales for each graph. * indicates 
no emergence . Density of survived seedlings was not significantly differ among 
microhabitats in the above-normal precipitation treatment. Microhabitats with 
different letters are significantly different (P < 0.05). See Fig. 10 and Fig. 18 for 
an explanation of micro habitat abbreviations and details of box plots. 
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Fig. 22. Box plots showing the densities (seedlings /m2) of survived seedlings of 
Chrysopogon aucheri in (a) the natural precipitation treatment and (b) the 
above-normal precipitation treatment near the end of the growing season in 
September 1997. Y-axis represents different scales for each graph. Density of 
survived seedlings was not significantly differ among microhabitats in both 
natural and above -normal precipitation treatments . See Fig. 10 and Fig . I 8 for 
an explanation of micro habitat abbreviations and details of box plots . 
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normal precipitation treatment in densities of surviving seedlings of either species at the 
end of the growing season (Table A. 37). 
Micro habitats differed significantly in the proportion of surviving Cymbopogon 
j warancusa seedlings in both natural ( df = 5 ; exact P < 0.001) and above-normal 
precipitation (df= 5; exact P < 0.001) treatments and in the proportion of surviving 
Chrysopogon aucheri seedlings only in the above-normal precipitation treatment 
(natural precipitation, df= 6; exact P = 0.0217) (Table A. 38) . A greater proportion of 
Cymbopogon jwarancusa seedlings survived in gravel interspaces than in other 
microhabitats in natural and above-normal precipitation treatments (Fig. 23). Only 
gravel microhabitats had a significantly higher (df=l; P = 0.000) proportional survi val 
for Cymbopogonjwarancusa in above-normal than in natural precipitation treatments 
(Table A. 39 and Fig . 23) . Proportional survival of Chrysopogon aucheri seedlings was 
greatest under Artemisia maritima canopies and in gravel interspaces in the above-
normal precipitation treatment, and in soil interspaces in the natural precipitation 
treatment (Fig . 24) . Natural and above-normal precipitation treatments did not differ 
significantly ( df = 1; P > 0.05) in proportional survival for either species (Table A. 40) . 
Only the Cymbopogonjwarancusa canopy, and gravel and soil interspace 
microhabitats had enough surviving Cymbopogonjwarancusa seedlings to monitor 
seedling development, and there were no significant (df = 2; exact P > 0.05) differences 
in the number of tillers per seedling among microhabitats in either natural or above-
normal precipitation treatments (Tables A. 41 and A. 42). Surviving seedlings 
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Fig. 23. Proportion of survived Cymbopogonjwarancusa seedlings in different 
microhabitats in natural and above-normal precipitation treatments near the end 
of the growing season in September 1997. There was no seedling emergence in 
Chd and Ch in natural and above-normal precipitation treatments , respectively . 
See Fig . IO for an explanation of micro habitat abbreviations . 
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Fig. 24. Proportion of survived Chrysopogon aucheri seedlings in different 
microhabitats in natural and above-normal precipitation treatments near the end 
of the growing season in September 1997. See Fig. IO for an explanation of 
microhabitat abbreviations. 
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developed 2.0 ± 0.7 (mean± SE) tillers in both precipitation treatments by the end of 
the growing se<\son Surviving Chrysopogon auchcri seedlings did not develop beyond 
the one tiller stage in any microhabiat. Plant heights of surviving seedlings in the gravel 
microhabitat did not differ significantly ( df = 1; F = 1.16 P = 0.3120) between natural 
and above-normal precipitation treatments (Table A. 43) . Surviving seedlings of both 
species had a height of 3.0 ± 0.6 cm (mean± SE) when averaged across microhabitats 
and precipitation treatments. 
Discussion 
Seedlings of Chrysopogon aucheri and Cymbopogon jwarancusa emerged at the 
same time in almost every microhabitat under natural and simulated , above-nom1al 
spring precipitation regimes in April and May 1997, and after monsoon rains in late July 
1997. There were , however, differences in the favorableness of microhabitats for the 
survival and seedling development of both species . During spring , Chrysopogon 
aucheri seedlings generally emerged in greater numbers under the canopies of 
conspecific plants and in gravel interspaces, and Cymbopogonjwarancusa seedlings 
generally emerged in greater numbers in soil and gravel interspaces and under the 
canopies of conspecific plants . The lowest densities of emerged seedlings of 
Chrysopogon aucheri were observed under the canopies and in the dead centers of 
Cymbopogonjwarancusa plants. Similarly, the lowest densities of emerged seedlings 
of Cymbopogon jwarancusa were found under the canopies and in the dead centers of 
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Chrysopogon aucheri plants. In general, density and proportional survival of spring-
emerged seedlings of both species were greatest in gravel and soil interspaccs near the 
end of the growing season in September 1997. After monsoon rains in late July 1997, a 
second, large cohort of seedlings for each species emerged in greatest numbers in soil 
interspaces, followed by microhabitats under the canopies of conspecific plants, and 
microhabitats under Artemisia maritima canopies and in gravel interspaces . All of the 
seedlings in these second cohorts died by the end of the growing season. 
Seedling emergence and survival in microhabitats did not consistently agree 
with spikelet dispersal patterns and spikelet reserves (seed bank) in the surface soil 
(Chapter II). The highest densities of spikelets of Chrysopogon aucheri and 
Cymbopogonjwarancusa in the soil seed (spikelet) bank study were under canopies and 
in dead centers of conspecific plants, followed by micro habitats under the canopies and 
in the dead centers of other species, and finally in gravel and soil interspaces . The high 
densities of spring-emerged seedlings of each species under conspecific plants 
correspond with the high densities of spikelets in the surface soils of these 
microhabitats; however, the high densities of spring-emerged seedlings in gravel 
interspaces do not correspond with the low densities of spikelet reserves found there. 
Results from Phase II dispersal (Chapter II) indicate that all microhabitats had about 
equal distribution of spikelets during Phase II movement; however, gravel microhabitats 
had relatively higher spikelet distribution due their greater proportional area. Based 
upon the findings of other studies (Chambers, MacMahon & Brown 1990), the gravel 
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surface, with particles ranging in size from 1 to 4 cm, has higher seed entrapment 
capability than open surfaces . The low spike let density of the soil seed bank in gravel 
microhabitats may be related to the different sampling places and locating the sampling 
points without reference to distance from the parent plants. The higher spikelet 
densities under plant canopies may be related due to the accumulation of litter and 
redistribution of initial spikelet dispersal by wind and water (Watkinson 1978; Augiar & 
Sala 1997; Russell & Schupp 1998). Regardless , evidence suggests a greater proportion 
of spikelets may have germinated in gravel and soil interspaces than in other 
microhabitats . The high densities of emerged seedlings of both species in soil 
interspaces after monsoon rains were apparently due to the movement of recently 
dispersed spikelets in runoff , and their accumulation in these open microhabitats 
(personal observation). 
The favorableness of microhabitats for seedling emergence and survival is also 
related to several environmental factors. During this experiment, natural and simulated 
above-normal precipitation were at least two and four times higher, respectively, than 
long-term mean precipitation during the spring seedling emergence period (April and 
May) . According to long-term meterological analysis, these natural and above-normal 
precipitation amounts that promoted spring seedling emergence occur with about 10% 
and less than 10% probability, respectively (Keatinge & Rees 1988). These precipitation 
events greatly increased moisture availability in upper soil layers in all microhabitats 
during the spring seedling emergence period. The above-normal precipitation treatment 
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had overall higher densities of emerged seedlings of Cymbopogonjwarancusa and 
Chrysopogon aucheri than the natural precipitation treatment. As the seascn 
progressed through the relatively dry months of June and July, soil moisture became 
very limiting, resulting in seedling mortality in all microhabitats. More seedlings of 
both species survived in gravel and soil interspaces than in other microhabitats; 
however, available moisture was less than 1.5% in the upper layers (top 10 cm) of all 
microhabitats until monsoon rains occurred in late July. Gravel surfaces, such as the 2-
to 3-cm thick layer observed at the field site, typically act as a mulch, maintaining more 
favorable moisture levels in the underlying soil than in unprotected soils (Winkel, 
Roundy & Cox 1991 ). That was not the case in this study, however. 
The above-normal precipitation treatment did increase the densities of emerged 
and survived seedlings but not number of tillers per plant of either species . The results 
of this study indicate that the emergence of both species is limited by the availability of 
viable seed in the soil seed bank and the availability of water rather than the availability 
of microhabitats. 
Natural precipitation was at least 12 times higher than long-term, average 
precipitation during the monsoon seedling emergence period (late-July), and this occurs 
with less than l 0% probability over the long term (Keatinge & Rees 1988). The higher 
densities of emerged seedlings of either species after monsoon rains are related with the 
higher seed viabilities of fresh seed rain. Recently dispersed spikelets of Cymbopogon 
jwarancusa and Chrysopogon aucheri had 27% and 22% viability, respectively, while 
the previous year's spikelets in the surface soils of the microhabitats had 8% and 6% 
viability for Cymbopogonjwarancusa and Chrysopogon aucheri, respectively. 
Perennial grasses generally have low seed viability in soil seed banks (Grime et al. 
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1981 ). All of these seedlings died in all microhabitats when sparse precipitation resulted 
in low moisture availability in upper soil layers during August and September. 
Diurnal temperature fluctuations varied by only a few degrees in the surface soil 
layer (top 10 cm) of the microhabitats at each sampling time over the growing season. 
As noted in other plant communities (Thompson, Grime & Manson 1977), more open 
microhabitats (soil and gravel interspaces, and dead centers of both grass species) had 
slightly higher diurnal fluctuations than microhabitats under plant canopies. During the 
spring germination and seedling emergence period (late April and early May) for 
Chrysopogon aucheri and Cymbopogon jwarancusa, minimum temperatures ranged 
from 14 to 18 °C and maximum temperatures ranged from 22 to 2 7 °C across the seven 
microhabitats. During the monsoon germination and seedling emergence period (late 
July) for both grass species, minimum temperatures ranged from 32 to 36 °C and 
maximum temperatures ranged from 45 to 49 °C across the microhabitats. Germination 
requirements for Chrysopogon aucheri and Cymbopogon jwarancusa have been 
investigated in only one controlled environment study (Saleem 1990). Saleem ( 1990) 
reported that both species had high germination at diurnal air temperatures of 10/30 °C, 
and maximum germination at 10/20 °C; however, he did not evaluate germination at 
minimum air temperatures above 10 °C and maximum air temperatures above 30 °C. 
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Seedling emergence after monsoon rains in late July indicates that both species can 
germinate at high temperatures if adequate moisture is available in the surface soil. 
However, in the absence of major precipitation events in June and most of July, 
maximum soil temperatures in the upper 40 °C range contributed to the desiccation of 
surface soil layers and considerable mortality of spring-emerged seedlings . Similarly, 
high soil temperatures with limited precipitation in August and September resulted in 
complete mortality of monsoon-emerged seedlings. 
Even though the gravel microhabitat did not have more favorable moisture and 
temperature conditions than other microhabitats, it had other features that could have 
enhanced germination and seedling emergence , development, and survival. The gravel 
surface may have provided a better substrate for the vertical entrapment of Chrysopogon 
auch eri and Cymbopgon jwarancusa spikelets, which have hygroscopic awns and 
antrorse bristles on the callus. Vertical entrapment provides better orientation for the 
emerging radicle and plumule (Sheldon 197 4; Watkinson 1978; Peart 1981, 1984; 
Willems & Huij smaus 1994 ). In one field study, Peart ( 1984) evaluated the orientation 
and position of spikelets of 11 grass species, and found that seedlings emerging from 
vertically oriented spikelets had a better survival rate than seedlings emerging from 
horizontally oriented spikelets. Rapid radicle penetration into the soil (Peart 1984) and 
subsequent development of adventitious roots (Briske & Wilson 1980) are important for 
successful seedling establishment in dry environments. Seedlings in gravel interspaces 
(and soil interspaces) also may have had less competition for water resources than 
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seedlings under canopies and in dead centers of established plants. Surviving seedlings 
of both grass species under plant canopies did not develop more than one tiller by the 
end of the growing season. Surviving seedlings of Cymbopogon jwarancusa in gravel 
and soil interspaces developed a maximum of five tillers by the end of the growing 
season, whereas Chrysopogon aucheri seedlings developed only one tiller in all 
microhabitats. 
Cymbopogon jwarancusa was superior to Chrysopogon aucheri in all aspects of 
seedling recruitment examined in this study. Under natural and simulated, above-
normal precipitation regimes, Cymbopogonjwarancusa had greater seedling emergence 
in all microhabitats except for those under the canopies and in the dead centers of 
Chrysopogon aucheri plants. Surviving Cymbopogon jwarancusa seedlings in gravel 
and soil interspaces were more advanced in their tiller development than those of 
Chyrsopogon aucheri by the end of the growing season. When integrated with spike let 
viability, spikelet dispersal, spikelet predation, and spikelet (seed) bank data from the 
first set of studies (Chapter II), these trends indicate that Cymbopogon jwarancusa has a 
greater potential for regeneration in this representative grassland in upland Balochistan 
than Chrysopogon aucheri. 
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CHAPTER IV 
SYNTHESIS 
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Chrysopogon aucheri and Cymbopogon jwarancusa are the dominant 
bunchgrasses in grassland ecosystems of upland Balochistan. These grasses are found 
on a wide variety of soils over a wide range of elevations, and play an important role in 
ecosystem-level processes (Camey 1989). Both species provide the major source of 
forage for small ruminants . Overgrazing, coupled with human disturbances, has 
degraded most of these grasslands . Chrysopogon aucheri is more susceptible to heavy 
grazing than Cymbopogon jwarancusa due to its greater palatability . Chrysopogon 
aucheri and Cymbopogonjwarancusa are gradually being replaced by the relatively 
less-preferred shrub, Artemisia maritima. Management strategies aimed at reversing the 
degradation of Cymbopogon-Chrysopogon grasslands require an understanding of many 
aspects of plant recruitment (Andersen 1987; Coffin & Lauenroth 1989; Chambers & 
MacMahon 1994; Schott 1995). 
The overall objective of this research was to determine how seed attributes, seed 
dispersal mechanisms, seed bank dynamics, seed predation, and seedbed microhabitats 
influence the regeneration of Chrysopogon aucheri and Cymbopogonjwarancusa in a 
representative grassland in upland Balochistan. Complementary field studies (Chapter 
II) were conducted during the 1996 and 1997 growing seasons in a Cymbopogon-
Chrysopogon grassland at Chilton National Park near Quetta, Balochistan, to determine : 
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(1) the morphology and viability of seeds (spikelets) of Chrysopogon aucheri and 
Cy mhopogonjwarancusa, (2) patterns of dispersal of spikelets from plants of both 
species to the soil surface , (3) movement of spikelets of these species on the soil 
surface, ( 4) the loss of spikelets of both species to predators, and (5) spatial and 
temporal patterns of soil seed (spikelet) reserves in different microhabitats. An 
additional study (Chapter III) was conducted at the same site during the 1997 growing 
season to examine the roles of surface microhabitats and precipitation on the 
germination and establishment of Chrysopogon aucheri and Cymbopogonjwarancusa . 
Results from the first set of studies (Chapter II) indicate that Cymbopogon 
j warancusa was superior to Chrysopogon aucheri in several aspects of plant 
recruitment. Cymbopogonjwarancusa produced more filled and viable caryopses than 
Chrysopogon aucheri . Spikelet morphological features and dispersal times (late-June 
through early July) were similar for both species ; however, Chrysopogon aucheri solely 
dispersed triplet spikelets, whereas Cymbopogonjwarancusa dispersed paired spikelets 
and groups of spikelets (partial racemes, entire racemes, and partial inflorescences). 
Paired spikelets and partial racemes of Cymbopogon jwarancusa dispersed further from 
parent plants than triplet spikelets of Chrysopogon aucheri . Ant (Tica verona) 
predators appeared to have a greater preference for Chrysopogon aucheri spikelets than 
Cymbopogonjwarancusa spikelets . Both species had a weakly persistent spikelet 
( seed) bank; however, Cymbopogon jwarancusa had greater numbers of spike lets in the 
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soil surface layer of representative microhabitats than Chrysopogon aucheri at all 
sampling times. 
Results from the final field study (Chapter III) indicate that seedbed 
microhabitats and precipitation strongly influenced the emergence and survival of 
seedlings of both species. Of all the microhabitats, the gravel interspace provided the 
best sites for seedling establishment and survival. Seedlings of both species emerged 
and survived in most of the microhabitats under natural spring precipitation; however, 
applying supplemental water to simulate a wet spring enhanced emergence and survival. 
Cymbopogon jwarancusa had more seedlings emerging and surviving than 
Chrysopogon aucheri in all microhabitats except under the live canopies and dead 
centers of Chrysopogon aucheri plants. Monsoon rains in late July encouraged 
emergence of both species, although all seedlings died by the end of the growing 
season . 
Both species are capable of natural regeneration when protected from livestock 
grazing; however, it appears that Cymbopogon jwarancusa has a distinct advantage over 
Chrysopogon aucheri during the initial stages of plant recruitment. Due to a long 
history of past disturbances in most of upland Balochistan, it is probably not possible to 
estimate what the composition of Chrysopogon aucheri would be in a relatively pristine 
Cymbopogon-Chrysopogon grassland. After 34 years of protection from sheep and goat 
grazing at Chilton National Park, Chrysopogon aucheri and Cymbopogon jwarancusa 
plants comprised about 7% and 15%, respectively, of the ground cover at the field site. 
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It is difficult to determine how much of this difference in relative cover between the two 
species is due to the impacts of past grazing and how much is due to subsequent 
recruitment. Mature plants, with and without dead centers, comprised the dominant age 
class for both species . Although not quantified, observations at the field site confirmed 
that Cy mbopogon jwarancusa had a greater representation of other age groups, 
including juvenile plants, compared to Chrysopogon aucheri . Recruitment of both 
species was most evident in areas where soil moisture conditions were more favorable, 
i.e., along intermittent water courses and in small depressions . Some Cymbopogon 
jwaran cusa recruitment was also evident in gravel and soil interspaces , which occupied 
about 70 % and 5 %, respectively, of the ground cover at the field site. Recruitment for 
both species is probably very sporadic because of the variability in the amount and 
distribution of precipitation within and between years . According to long-term 
precipitation records , the favorable, natural precipitation that promoted seedling 
emergence in spring (April and May) 1997 occurs with about 10 % probability , and the 
abo ve-normal spring (April and May 1983) simulated with supplemental irrigation 
occurs with less than 10 % probability (Keatinge & Rees 1988) . Monsoon precipitation 
(late July through August) needed for seedling establishment in the fall also occurs with 
less than 10 % probability (Keatinge & Rees 1988). Even under favorable conditions 
during the 1997 growing season, considerable seedling mortality occurred with both 
species . Thus, managers interested in improving or restoring Cymbopogon-
Chrysopogon grasslands must be aware that recruitment events for Cymbopogon 
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jwarancusa, and especially Chrysopogon aucheri, may occur only once every 10 or 
more years . 
Although these results have improved our understanding of the regeneration 
ecology of Chrysopogon aucheri and Cymbopogon jwarancusa in grasslands of upland 
Balochistan, there are several aspects of this research that require further investigation: 
1) Recruitment of both species was evaluated for only one growing season . A 
more complete assessment of recruitment should include the monitoring of plant 
survival and development over the winter and through the second growing 
season , and possibly over several subsequent years. 
2) Recruitment of both species was evaluated in an area that had been protected 
from grazing for 34 years . Seed bank dynamics and seedling establishment from 
seed bank reserves should also be evaluated in more recently disturbed (heavily 
grazed) areas that can be fenced to allow for recovery . 
3) The field site at Chilton National Park is located in the drier portion of the 
ecological range of Cymbopogon-Chrysopogon grassland in upland Balochistan. 
It would be useful to conduct similar studies in Cymbopogon-Chrysopogon 
grasslands in other areas of upland Balochistan with higher precipitation 
amounts, and different compositions of Chrysopogon aucheri, Cymbopogon 
jwarancusa, and seedbed microhabitats . 
4) Seed predation needs to be addressed in more detail for both species. Actual 
predation by ants was observed but not quantified. Predation was based on seed 
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bank data from soil cores taken from ant mounds. Seeds of each species should be 
placed in more strategic spots along active foraging trails from ant mounds to quantify 
seed removal. 
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APPENDIX 
Table A.1. Friedman's two-way nonparametric ANOVA for Chrysopogon aucheri 
spikelets trapped in different microhabitats during 1996. No test of point effect was 
possible. 
Sources of 
variation df ss MS F p 
Point 49 0.00 0.00 
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Micro habitat 2 25.39 12.69 21.60 0.0001 
Error 98 57.61 0.58 
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Table A.2. Friedman's two-way nonparametric ANOVA for Cymbopogonjwarancusa 
spike lets trapped in different micro habitats during 1996 . No test of point effect was 
possible . 
Source of 
variation df ss MS F p 
Point 49 0.00 0.00 
Micro habitat 2 17.41 8.70 10.92 0.0001 
Error 98 78.09 0.79 
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Table A.3. The number of Friedman's rank sums for Cymbopogonjwarancusa and 
Chrysopogon aucheri spikelets trapped in different microhabitats during 1996. Within 
columns, values with different letters are significantly different (P < 0 .05) . 
Trap location 
Cy mbopogon jwarancusa 
canop y 
Chrysopogon aucheri 
canop y 
Interspace 
Ranked Sums 
Cymbopogon jwarancusa 
122 a 
81 b 
98 b 
Ranked Sums 
Chrysopogon aucheri 
88 b 
129 a 
84 b 
Table A.4. Friedman's two-way nonparametric ANOV A for Chrysopogon aucheri 
spikelets trapped in different microhabitats during 1997. No test of point effect was 
possible . 
Source of 
variation df ss MS F p 
Point 49 0.00 0.00 
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Microhabitat 2 25.72 12.86 19.31 0.0001 
Error 98 65.28 0.66 
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Table A.5. Friedman's two-way nonparametric ANOVA for Cymbopngonjwarancusa 
spikelets trapped in different microhabitats during 1997. No test of point effect was 
possible. 
Source of 
variation df ss MS F p 
Point 49 0.00 0.00 
Microhabitat 2 7.09 3.54 3.84 0.024 
Error 98 90.41 0.92 
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Table A.6. The number of Friedman's rank sums for Cymbopogonjwarancusa and 
Chrysopogon aucheri spikelets trapped in different microhabitats during 1997 . Within 
columns , values with different letters are significantly different (P < 0.05) . 
Trap location 
Cymbopogon jwarancusa 
canopy 
Chrysopogon aucheri 
canopy 
Inters pace 
Ranked Sums 
Cymbopogon jwarancusa 
114 a 
88 b 
99 b 
Ranked Sums 
Chrysopogon aucheri 
82 b 
129 a 
89 b 
Table A. 7. Monte Carlo estimation of P-values of chi-square tests for association of 
spikelet distribution among microhabitats during Phase II dispersal. 
Species 
Cymbopogon jwarancusa 
Chrysopogon aucheri 
df 
7 
7 
P-values 
0.5478 
0.3697 
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Table A.8. Analysis of Chrysopogon aucheri seed (spikelet) bank before emergence in 
seven different microhabitats and at two depths . 
Test of Fixed Effects 
Source of variation df Error Term F p 
Microhabitat (M) 6 P*M 13.23 0.0001 
Depth (S) 1 Residual 51.77 0.0001 
S*M 6 Residual 9.53 0.0001 
Covariance Parameter Estimates 
Parameter df Estimate 
Point (P) 9 0.0331 
P*M 54 0.0000 
Residual 63 0.3342 
Table A.9. Analysis of Cymbopogonjwarancusa seed (spikelet) bank before 
emergence in seven different microhabitats and at two depths . 
Test of Fixed Effects 
Source of variation df Error Term F p 
Microhabitat (M) 6 P*M 6.19 0.0001 
Depth (S) 1 Residual 117.83 0.0001 
S*M 6 Residual 3.02 0.0001 
Covariance Parameter Estimates 
Parameter df Estimate 
Point (P) 9 0.0874 
P*M 54 0.1347 
Residual 63 0.8444 
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Table A.10. Analysis of Chrysopogon aucheri seed (spikelet) bank after seed dispersal 
in seven different microhabitats and at two depths . 
Test of Fixed Effects 
Source of variation df Error Term F p 
Microhabitat (M) 6 P*M 5.88 0.0001 
Depth (S) 1 Residual 115.97 0.0001 
S*M 6 Residual 1.16 0.0001 
Covariance Parameter Estimates 
Paramet er df Estimate 
Point (P) 9 0.0411 
P*M 54 0.0041 
Residual 63 0.6898 
Table A.11. Analysis of Cymbopogonjwarancusa seed (spikelet) bank after seed 
dispersal in seven different microhabitats and at two depths. 
Test of Fixed Effects 
Source of variation df Error Term F p 
Microhabitat (M) 6 P*M 3.18 0.0001 
Depth (S) 1 Residual 251 .26 0.0001 
S*M 6 Residual 2.78 0.0182 
Covariance Parameter Estimates 
Parameter df Estimate 
Point (P) 9 0.0000 
P*M 54 0.1669 
Residual 63 1.0145 
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Table A.12. Analysis of Chrysopogon aucheri seed (spikelet) bank near the end of the 
growing season in seven different microhabitats and at two depths . 
Test of Fixed Effects 
Source of variation df Error Term F p 
Microhabitat (M) 6 P*M 2.63 0.0263 
Depth (S) 1 Residual 75.13 0.0001 
S*M 6 Residual 0.77 0.5981 
Covariance Parameter Estimates 
Parameter df Estimate 
Point (P) 9 0.0334 
P*M 54 0.0614 
Residual 63 0.5145 
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Table A.13. Analysis of Cymbopogonjwarancusa seed (spikelet) bank near the end of 
the growing season in seven different microhabitats and at two depths. 
Test of Fixed Effects 
Source of variation df Error Term F p 
Microhabitat (M) 6 P*M 4.76 0.0006 
Depth (S) 1 Residual 96.08 0.0001 
S*M 6 Residual 2.68 0.0219 
Covariance Parameter Estimates 
Parameter df Estimate 
Point (P) 9 0.1885 
P*M 54 0.1116 
Residual 63 0.9767 
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Table A.14. Analysis of soil-moisture data before spring seedling emergence, April 17, 
1997, in seven different microhabitats and at two depths. 
Test of Fixed Effects 
Source of variation df Error Term F p 
Treatment (T) 1 Plot(T) 53.71 0.0018 
Microhabitat (M) 6 Plot (T)*M 0.29 0.9344 
T*M 6 Plot (T)*M 1.80 0.1420 
Depth (D) 1 Residual 6.30 0.0181 
T*D 1 Residual 0.09 0.7643 
M*D 6 Residual 0.22 0.9653 
T*M*D 6 Residual 0.56 0.7566 
Covariance Parameter Estimates 
Parameter df Estimate 
Plot (T) 4 0.0004 
Plot (T)*M 24 0.0010 
Residual 28 0.0013 
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Table A.15. Analysis of soil-moisture data during seedling emergence, May 7, 1997, in 
seven different microhabitats and at two depths . 
Test of Fixed Effects 
Source of variation df Error Term F p 
Treatment (T) 1 Plot(T) 0.20 0.6752 
Microhabitat (M) 6 Plot (T)*M 3.66 0.0100 
T*M 6 Plot (T)*M 1.01 0.4418 
Depth (D) Residual 4.44 0.0441 
T*D 1 Residual 0.01 0.9152 
M*D 6 Residual 0.95 0.475 7 
T*M*D 6 Residual 1.00 0.4446 
Covariance Parameter Estimates 
Parameter df Estimate 
Plot (T) 4 0.0004 
Plot (T)*M 24 0.0011 
Residual 28 0.0016 
Table A.16. Analysis of soil-moisture data during dry season after cessation of 
supplemental irrigation , June 30, 1997 in seven different microhabitats and at two 
depths . 
Test of Fixed Effects 
Source of variation df Error Term F p 
Treatment (T) 1 Plot (T) 3.80 0.1232 
Microhabitat (M) 6 Plot (T)*M 0.54 0.7718 
T*M 6 Plot (T)*M 0.45 0.8401 
Depth (D) l Residual 0.00 0.9733 
T*D l Residual 2.80 0.1052 
M*D 6 Residual 0.66 0.6858 
T*M*D 6 Residual 1.65 0.1702 
Covariance Parameter Estimates 
Parameter df Estimate 
Plot (T) 4 0.0018 
Plot (T)*M 24 0.0016 
Residual 28 0.0009 
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Table A.17. Analysis of soil-moisture data during seedling emergence after monsoon 
rains, July 23, 1997 in seven different microhabitats and at two depths. 
Test of Fixed Effects 
Source of variation df Error Tenn F p 
Treatment (T) 1 Plot (T) 0.64 0.4692 
Microhabitat (M) 6 Plot {T)*M 1.62 0.1843 
T*M 6 Plot {T)*M 0.24 0.9596 
Depth (D) 1 Residual 0.00 0.9823 
T*D 1 Residual 8.74 0.0063 
M*D 6 Residual 0.86 0.5364 
T*M*D 6 Residual 0.81 0.5697 
Covari ance Paramet er Estimates 
Parameter df Estim ate 
Plot (T) 4 0.0000 
Plot (T)*M 24 0.0030 
Residual 28 0.0006 
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Table A.18. Analysis of soil-temperature data before seedling emergence, April 17, 
1997, in seven different microhabitats and at two depths . 
Test of Fixed Effects 
Source of variation df Error Term F p 
Treatment (T) 1 Plot (T) 25 .15 0.0074 
Microhabitat (M) 6 Plot (T)*M 4.66 0.0028 
T*M 6 Plot (T)*M 0.51 0.7978 
Depth (D) 1 Plot (T)*M*D 76.76 0.0001 
T*D 1 Plot (T)*M*D 0.00 0.9793 
M*D 6 Plot (T)*M*D 0.12 0.9938 
T*M*D 6 Plot (T)*M*D 0.25 0.9540 
Time (P) 1 Residual 295.25 0.0001 
T*P 1 Residual 24.95 0.0001 
M*P 6 Residual 4.15 0.0016 
T*M*P 6 Residual 3.06 0.0116 
D*P 1 Residual 0.84 0.3639 
T*D*P 1 Residual 0.02 0.8964 
M*D*P 6 Residual 0.14 0.9911 
T*M*D*P 6 Residual 0.14 0.9911 
Covariance Parameter Estimates 
I 
Parameter df Estimate 
Plot (T) 4 1.0503 
Plot (T)*M 24 3.0448 
Plot (T)*M*D 28 0.0000 
Residual 56 8.7023 
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Table A.19. Analysis of soil-temperature during seedling emergence , May 7, 1997, in 
seven different microhabitats and at two depths. 
Test of Fixed Effects 
Source of variation df Error Term F p 
Treatment (T) 1 Plot (T) 0.06 0.8177 
Microhabitat (M) 6 Plot (T)*M 1.72 0.1585 
T*M 6 Plot (T)*M 0.95 0.4802 
Depth (D) Plot (T)*M*D 65.14 0.0001 
T*D 1 Plot (T)*M*D 0.03 0.8602 
M*D 6 Plot (T)*M*D 0.84 0.5475 
T*M*D 6 Plot (T)*M*D 0.60 0.7249 
Time (P) 1 Residual 2833 .09 0.0001 
T*P 1 Residual 17.31 0.0001 
M*P 6 Residual 4.8 7 0.0005 
T*M*P 6 Residual 1.31 0.267 1 
D*P 1 Residual 22 .36 0.0001 
T*D*P 1 Residual 0.21 0.6457 
M*D*P 6 Residual 1.32 0.2642 
T*M*D*P 6 Residual 0.80 0.5758 
Covariance Parameter Estimates 
Parameter df Estimate 
Plot (T) 4 0.2018 
Plot (T)*M 24 2.9347 
Plot (T)*M*D 28 0.0000 
Residual 56 4.7084 
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Table A.20. Analysis of soil-temperature during dry season after cessation of 
supplemental irrigation, June 30, 1997, in seven different microhabitats and at two 
depths. 
Test of Fixed Effects 
Source of variation df Error Term F p 
Treatment (T) 1 Plot (T) 0.45 0.5382 
Microhabitat (M) 6 Plot (T)*M 0.98 0.4588 
T*M 6 Plot (T)*M 0.64 0.6937 
Depth (D) 1 Plot (T)*M*D 43.46 0.0001 
T*D 1 Plot (T)*M*D 0.02 0.8811 
M*D 6 Plot (T)*M*D 0.53 0.7806 
T*M*D 6 Plot (T)*M*D 0.08 0.9973 
Time (P) 1 Residual 4201.63 0.0001 
T*P Residual 31.77 0.0001 
M*P 6 Residual 5.09 0.0003 
T*M*P 6 Residual 1.09 0.0489 
D*P l Residual 4.05 0.9202 
T*D*P 1 Residual 0.01 0.9965 
M*D*P 6 Residual 0.10 0.9345 
T*M*D*P 6 Residual 0.30 0.5758 
Covariance Parameter Estimates 
Parameter df Estimate 
Plot (T) 4 0.0684 
Plot (T)*M 24 4.1378 
Plot (T)*M*D 28 0.0000 
Residual 56 9.4007 
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Table A.21. Analysis of soil-temperature data during monsoon seedling emergence , 
July 30, 1997, in seven different microhabitats and at two depths . 
Test of Fixed Effects 
Source of variation df Error Tenn F p 
Treatment (T) 1 Plot (T) 4.25 0.1083 
Microhabitat (M) 6 Plot (T)*M 5.23 0.0014 
T*M 6 Plot (T)*M 1.04 0.4217 
Depth (D) 1 Plot (T)*M*D 90 .70 0.0001 
T*D 1 Plot (T)*M*D 0.93 0.3431 
M*D 6 Plot (T)*M*D 0.27 0.9463 
T*M*D 6 Plot (T)*M*D 0.29 0.9367 
Time (P) 1 Residual 2478.75 0.0001 
T*P 1 Residual 14.88 0.0003 
M*P 6 Residual 3.92 0.0024 
T*M*P 6 Residual 1.53 0.1855 
D*P 1 Residual 0.82 0.3698 
T*D*P 1 Residual 0.09 0.7642 
M*D*P 6 Residual 0.34 0.9112 
T*M*D*P 6 Residual 0.23 0.9649 
Covariance Parameter Estimates 
Parameter df Estimate 
Plot (T) 4 0.8345 
Plot (T)*M 24 5.1654 
Plot (T)*M*D 28 0.0000 
Residual 56 6.5535 
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Table A.22. Friedman's two-way nonparametric ANOVA for density of emerged 
Cymbopogon jwarancusa seedlings during spring in different microhabitats with natural 
precipitation treatment. No test of plot effect \Vas possible. 
Source of 
variation df 
Plot 9 
Microhabitat 6 
Error 54 
ss 
0.00 
158.80 
104.20 
MS 
0.00 
26.46 
1.92 
F p 
13.72 0.0001 
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Table A.23. Friedman's two-way nonparametric ANOVA for density of emerged 
Cymbopogon jwarancusa seedlings during spring in different microhabitats with above-
normal precipitation treatment . No test of plot effect was possible. 
Source 
of variation df 
Plot 9 
Microhabitat 6 
Error 54 
ss 
0.00 
146.25 
129.25 
MS 
0.00 
24 .37 
2.39 
F p 
10.18 0.0001 
Table A.24. Friedman's two-way nonparametric ANOVA for density of emerged 
Chrysopogon aucheri seedlings during spring in different microhabitats with natural 
precipitation treatment. No test of plot effect was possible. 
Source 
of variation df ss MS F p 
Plot 9 
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Microhabitat 6 
0.00 
80.00 
105.50 
0.00 
13.33 
1.95 
6.82 0 .0001 
Error 54 
Table A.25. Friedman's two-way nonparametric ANOVA for density of emerged 
Chrysopogon aucheri seedlings during spring in different microhabitats with above-
normal precipitation treatment . No test of plot effect was possible . 
Source 
of variation df ss MS F p 
Plot 9 
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Microhabitat 6 
0.00 
54.05 
137.45 
0.00 
9.00 
2.54 
3.54 0.005 
Error 54 
Table A.26. Friedman's rank sums and multiple comparison test results for 
Cymbnpogon jwarancusa and Chrysopogon aucheri seedling densities in different 
microhabitats in May 1997. Within columns, values with different letters are 
significantly different (P < 0.05). 
Cymbopogon jwarancusa Chrysopogon aucheri 
seedlings seedlings 
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Microhabi tat· Natural Above-normal Natural Above-normal 
Cy canopy 53.5 a 41.0 be 32.0 b 31.5 b 
Ch canopy 19.5 C 14.5 e 56.5 a 51.0 a 
Cy dead center 38.0 b 51.0 ab 32.5 b 31.0 b 
Ch dead center 18.0 C 27.5 d 33.5 b 36.5 b 
Art .canopy 39.5 b 41.0 be 32.0 b 33.0 b 
Gravel interspace 55.0 a 42.0 be 57.0 a 54.0 a 
Soil interspace 56.5 a 63.0 a 36.5 b 43 .0 ab 
* Cy = Cymbopogon jwarancusa , Ch = Chrysopogon aucheri , Art = Artemisia maritima 
Table A.27. Results from Wilcoxon Singed Rank test comparison of densities of 
emerged seedlings during spring between natural and above-normal precipitation 
treatments. Significance level was adjusted according to Sequential Bonferroni 
adjustment and indicated by *. 
Species 
Cymbopogon jwarancusa 
Natural 
Above-normal 
Chrysopogon aucheri 
Natural 
Above-normal 
Natural 
P = 1.00 
P = 0.03 * 
P= 1.00 
P = 0.02 * 
Above-normal 
P= 1.00 
P= 1.00 
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Table A.28. Friedman's two-way nonparametric ANOVA for density of emerged 
Cymbopogonjwarancusa seedlings after monsoon rains in late July in different 
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micro habitats with natural precipitation treatment. No test of plot effect was possible. 
Source 
of variation df 
Plot 9 
Microhabitat 6 
Error 54 
ss 
0.00 
175.55 
97.95 
MS 
0.00 
29.25 
1.81 
F p 
16.13 0.0001 
Table A. 29. Friedman ' s two-way nonparametric ANOVA for density of emerged 
Chrysopogon aucheri seedlings after monsoon rains in late July in different 
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micro habitats with natural precipitation treatment. No test of plot effect was possible . 
Source 
of variation df ss 
Plot 9 0.00 
Microhabitat 6 112.70 
Error 54 148.30 
MS 
0.00 
18.78 
2.74 
F 
6.84 
p 
0.0001 
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Table A.30. Friedman's rank sums and multiple comparison test results for 
Cymbopogon jwarancusa and Chrysopogon aucheri seedling densities in different 
microhabitats after monsoon rains in July 1997. Within columns, values with different 
letters are significantly different (P < 0.05). 
Cymbopogon jwarancusa Chrysopogon aucheri 
Microhabitat' seedlings seedlings 
Cy canopy 51.0 b 30.5 d 
Ch canopy 13.0 f 48.5 b 
Cy dead center 45.5 bd 30.0 d 
Ch dead center 25.0 e 23.5 de 
Art .canopy 40.0 d 44.0 be 
Gravel interspace 40 .0 d 39.5 bd 
Soil interspace 65.5 a 64.0 a 
*Cy= Cymbopogonjwarancusa, Ch= Chrysopogon aucheri, Art= Artemisia maritima 
Table A.31. Results from Wilcoxon Singed Rank test comparison of densities of 
emerged seedlings between spring and monsoon periods . Significance level was 
adjusted according to sequential Bonferroni adjustment and indicated by*. 
Species 
Cymbopogon jwarancusa 
Spring 
Monsoon 
Chrysopogon aucheri 
Spring 
Monsoon 
Spring 
P= 1.00 
P = 0.03* 
P= 1.00 
P = 0.03* 
Monsoon 
P= 1.00 
P = 1.00 
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Table A. 32. Friedman ' s two way nonparametric ANOVA for density of survived 
seedlings of Cy mbopogon jwarancusa at the end of the season in different microhabitats 
with natural precipitation treatment. No test of plot effect was possible . 
Source 
of variation df 
Plot 9 
Microhabitat 5 
Error 29 
ss 
0.00 
32.56 
17.73 
MS 
0.00 
6.51 
0.60 
F p 
10.84 0.0001 
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Table A.33. Friedman's two-way nonparametric ANOVA for density of survived 
seedlings of Cymbopogon jwarancusa at the end of the season in different micro habitats 
with above-normal precipitation treatment. No test of plot effect was possible . 
Source 
of variation df ss MS F p 
Plot 9 0.00 0.00 
Microhabitat 5 26.12 5.22 2.73 0.0346 
Error 35 66.87 1.91 
Table A.34. Friedman's two-way nonparametric ANOVA for density of survived 
seedlings of Chrysopogon aucheri at the end of the season in different microhabitats 
with natural precipitation treatment. No test of plot effect was possible. 
Source 
of variation df ss MS F p 
Plot 9 0.00 0.00 
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Micro habitat 6 2.77 0.46 1.87 0.2152 
Error 7 1.76 0.24 
Table A.35. Friedman's two-way nonparametric ANOVA for density of survived 
seedlings of Chrysopogon aucheri at the end of the season in different microhabitats 
with above-normal precipitation treatment. No test of plot effect was possible . 
Source 
of variation df ss MS F p 
Plot 8 
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Microhabitat 6 
0.00 
8.50 
7.49 
0.00 
1.41 
0.74 
1.89 0.1784 
Error 10 
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Table A.36. Friedman's rank sums and multiple comparison test results for 
Cymbopogon jwarancusa and Chrysopogon aucheri seedling densities in different 
micro habitats in natural and above-normal precipitation treatments in September 1997 . 
Within columns, values with different letters are significantly different (P < 0.05) . 
Cymbopogon jwarancusa Chrysopogon aucheri 
seedlings seedlings 
Microhabitat· Natural Above-normal Natural Above-normal 
Cy canopy 26.0 b 22 .0 a 4.5 a 3.0 a 
Ch canopy 2.0 e # 8.5 a 11.0 a 
Cy dead center 16.5 cd 24.0 a 2.5 a 2.0 a 
Ch dead center # 3.5 a 2.5 a 3.0 a 
Art.canopy 13.0 d 29 .0 a 1.5 a 5.0 a 
Gra vel interspace 42 .5 a 35 .5 a 18.5 a 19.0 a 
Soil inters pace 24.5 be 37.0 a 5.0 a 8.0 a 
# No emergence 
*Cy = Cymbopogonjwarancusa, Ch = Chrysopogon aucheri, Art= Artemisia maritima 
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Table A.37 . Results from Wilcoxon Singed Rank test comparison on densities of 
survived seedlings between natural and above-normal precipitation treatments at the end 
of the season . Significance level was adjusted according to sequential Bonferroni 
adjustment. 
Species 
Cymbopogon jwarancusa 
Natural 
Abo ve-normal 
Chrysopogon aucheri 
Natural 
Above-normal 
Natural 
P= 1.00 
P = 0.08 
P = 1.00 
P = 0.14 
Above-normal 
P = 1.00 
P = 1.00 
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Table A.38. Exact P-values for chi-square test on proportion of surviving seedlings in 
different micro habitats in natural and above-normal precipitation treatments . Significant 
tests after sequential Bonferroni adjustment are indicated by *. 
Seedling type Treatment DF Exact P-value 
Cy Natural 5 0.0003 * 
Cy# Above-normal 5 0.0000 * 
Ch Natural 6 0.4957 
Ch Above-normal 6 0.0217* 
Cy = Cyrnbopogon jwarancusa Ch = Chrysopogon aucheri 
# Cy in above-normal precipitation treatment was analyzed by Monte Carlo estimation 
and represents Monte Carlo P-value. 
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Table A.39. Exact P-values for chi-square test on proportion of survived and died 
seedlings in same microhabitat between natural and above-normal precipitation 
treatments . Significant tests after sequential Bonferroni adjustment are indicated by *. 
Microhabitat Seedling type DF P Value 
Cy canopy Cy 1 0.1235 
Ch canopy Ch 1 0.2881 
Cy dead center Cy 1 0.1842 
Art . canopy Cy 1 0.0946 
Art. canopy Ch 1 1.0000 
Gravel interspace Cy l 0.0000 * 
Gravel interspace Ch 1 0.0210 
Soil interspace Cy 1 0.0006 
Soil interspace Ch 1 1.0000 
Cy= Cy mbopogon jwarancusa Ch= Chrysopogon aucheri Art= Artemisia maritima 
Table A.40. Results from Wilcoxon Singed Rank test comparison on proportion of 
surviving seedlings between natural and above-normal precipitation treatments. 
Significance level was adjusted according to sequential Bonferroni adjustment. 
Species 
Cymbopogon jwarancusa 
Natural 
Above-normal 
Chrysopogon aucheri 
Natural 
Above-normal 
Natural 
P= 1.00 
P = 0.04 
P = 1.00 
P = 0.47 
Above-normal 
P= 1.00 
P = 1.00 
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Table A.41. Exact P-values for chi-square test for comparison of tiller development for 
Cymbopogon jwarancusa seedlings in different microhabitats in natural and above-
normal precipitation treatments. Significance level was adjusted according to sequential 
Bonferroni adjustment. 
Seedling type 
Cy 
Cy 
Treatment 
Natural 
Above-normal 
DF 
2 
2 
Exact P-value 
0.0670 
0.6741 
Table A.42. Exact P-values for chi-square test for comparison of tiller development for 
Cymbopogon jwarancusa seedlings in natural and above-normal precipitation 
treatments. 
Seedling type DF Exact P-value 
Cy 1.0000 
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Table A.43. Analysis of plant height for surviving Cymbopogonjwarancusa seedlings 
in gravel microhabitat (log-transformed) . 
Test of Fixed Effects 
Source of variation df Error Term F value P value 
Treatment (T) 1 T*P 1.16 0.3120 
Covariance Parameter Estimates 
Parameter DF Estimate 
Plot (P) 9 0.00096 
T*P 9 0.0067 
Residual 357 0.1441 
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